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ABSTRACT

Various types of pumps and pump drives weie evaluated to deter-
mine the lightestweight system for supplying propellants to a planetary
orbit insertion rocket engine, From these analyses four candidate pro-
rellant feed systems were identifies. Systems Nos. 1 and 2 were both
battery-powered (lithium-thionyl-chloride or silver-zinc) motor driven
pumps. System 3 was a monopropellant (N2H4) gas generator powered
turbopump., System 4 was a bipropellant (MMH/NZO4) gas generator
powered turbopump, System tradeoffs were conducted over a range of
levels (1000 to 4000 1bf), thrust chamber pressures (150 to 500 psia), at
a constant specific impulse of 310 seconds, and for a total impulse of
3.6 x 106 lbf-sec. Parameters coasidered were pump breake horse-
power, weight, reliability, transient response and system stability.
Figures of merit were established and the ranking of the candidate sys-
tems was determined. Conceptual designs were prepared for typical
motor-driven pumps and turbopump configurations for a 1000 1bf thrust

rocket engine,
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1. SUMMARY

1.1 SUMMARY

The purpose of this study was to identify and evaluate various pump-
driven rocket engine bipropellant feed systems (PFS). The primary
objective was to parametrically analyze these PFS concepts over a range
of thrust levels (1000 to 4000 lbf) and thrust chamber pressures (150 to
500 psia) to identify the lowest mass system. Rocket engine total impulse
was 3.6 x 106 lbf-sec and specific impulse was 310 sec. Other param-
eters that were to be evaluated included system complexity, development
risk, reliability, and growth potential. Finally, combustion stability and

start/stop transient characteristics were to be analyzed and evaluated.

Four candidate conceptual designs were identified and evaluated.
These are shown in Table 1-1.

Because total system mass and total system dry weight would have
to be traded off with the other important PFS parameter, weighting fac-
tors were established. These, together with the system rankings result-
ing from various analyses were used in arriving at a figure-of-merit for
the candidate PFS. The details of these analyses are provided in Se --

tions 4 and 5, Table 5-9, and are summarized in Table 1-2.

System No. 1 ranked first with a figure-of-merit of 2.8 out of a

possible 4.0. Low ratings for development risk (due to LiTCl battery
performance uncertainties) an? growth potential (due to the increasing
impact of battery weight for higher total impulse rocket engines) restrained
the system from achieving a higher figure-of-merit. System No. 3, which

was not constr .ine to any great extent in both these categories but was

somewhat heavier, was a very close secand choice.

All systems are convertible to the ultimate use of liquid fluorine
(LFZ) and hydrazine (N2H4) propellants. However, the motor driven
pumps (Systems No. 1 and 2) presented the least development problems

for this conversion. A typical conceptual design of a motor driven pump

unit is shown in Figure 1-1 (for F = 1000 lbf and Pc = 150 psia conditions).
A similer conceptual design of a turbopump unit is shown in Figure 1-2

for the same conditions.,
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Table 1-1. Candidate Pump Drives for Bipropellant
Feed Systems

Sy stem
No. Sy stem Description

Battery Powered, Electric Motor Driven Pumps
(using lithium-thionyl-chloride batteries; at
100 watt-hr/1lb energy density)

2 Battery Powered, Electric Motor Driven Pumps
(using silver-zinc batteries; at 50 watt-hr/1b energy
density)

3 Monopropellant (N2Hg), Gas Generator Powered
Turbopumps

4 Bipropellant (MMH/N;04) Gas Generator Powered

Turbopumps (using accumulators for restart)

—

} Table 1-2. Candidate PFS Figure-of-Merit Summary
System Figure-of-Merit System
No. (4.0 = maximum value) Ranking
1 2.80 1
3 2.65 2
2 2.20 3
4 2.05 4

1.2 CONCLUSIONS
Based upon the results of this study, the following conclusions were

reached.,

e The figure-of-merit evaluation, rather than total systems
mass alone, is a better criteria for ranking the candidate
pump feed systems.

o The most significant factor for reducing bipropellant pump
feed system total mass would be toconvert a rocket engine
from the MMH/NyOy4 propellants with an I4p of 310 seconds
to LF, /N2H4 with a potential of 385 seconds.
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The battery-powered, electric motor driven pump propel-
lant feed system (Nos. 1 and 2) can be developed for use
with an "orbit insertion'' rocket engine with either MMH/
N,0, or LFZ/NZH4 propellants.

The decision as to whether lithium-thionyl-chloride bat-
teries or silver zinc batteries should be used to power the
motor -driven pumps, will depend upon the development
status and reliability levels demonstrated by each type of
battery at the time of program initiation.

Recause of the considerable propellant weight savings
(approximately 20%) achievable with LF /N_H,, early
conversion to these propellants should be considered.

For larger total impulse rocket engine requirements, the
monopropellant gas-generator powered turbopumps sys-
tem (No. 3), using the LF,/N;Hy propellants, would be

the lightest weight candidate. Propellant for the gas gen-
erator could be stored in the main N,H, tank and pressure
fed to the gas generator from the main engine fuel pump.
This eliminates the need for a separate N2Hg tank and
pressure regulator, but does require the use of an accumu-
lator (similar to system No. 4) for multiple starts.

i-5
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2. INTRODUCTION

GENERAL

2.1

This study was conducted to analyze and evaluate various pump drive

concepts for use with a propellant feed system for an orbit insertion, bi-

propellant rocket engine,

were considered.

generator driven turbines were evaluated.

establishing the lowest mass propellant feed system.

Positive displacement and centrifugal pumps
In addition, battery-powered electric motors and gas-
The main emphasis was on

Other factors con-

sidered were reliability, relative complexity, failure modes, transients

and combustion stability characteristics and overall development risks.

2.2 GUIDELINES AND CONSTRAINTS

The pump feed system evaluations were carried out parametrically

over a prescribed range of system requirements,

These parameters and

requirements are summarized in Table 2-1 for a baseline system and two

alternate configurations,

Table 2-1.

Pump Propellant Feed System Requirements

Engine Thrust Level
Propellants

e Oxidizer

e Fuel
Mixture Ratio
Specific Impulse
Propellant Tank Pressure
Pump Dischange Pressure

Propellant Temperature Range

Total Impulse

Maximum Single Impulse

Number of Starts

Power Available During Off Times

Thrust Chamber Pressure, Nominal] 150 psia 300, 500

2-1

1000 1bf £30 1b

NZO4

MMH

1,60 %0, 05
310 sec

50 psia (max)
300 psia

30° - 120°F
3. 6M 1bf-sec
1,2M lbf-sec
20

300 watts

Baseline —T Alternafe
y 81 Systems _

"

2500; 4000

NZO-&

MMH

1. 60 £ 0,05
310 sec

50 psia (max)
450; 650

30° . 120°F
3. 6M lbf-sec
1.2M lbf-sec
20

300 watts

‘?é"’( vt
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A minimum of three pump-fer propulsion systems were to be eval-
uated., After review with the JPL Technical Monitcr, the three systems

selected werec:
e Battery-powered, electric motor driven pumps
e Monopropellant, gas-generator powered turbopumps
[ Bipropellant, gas-generator powered turbopumps

For this study, it was assumed that the pumps were not close-~coupled to
the rocket engine. This would permit flexibility in installing the pump

feed system in the spacecraft,
2,3 STUDY OBJECTIVES

The main objective of this study was to provide parametric weight
data at the subsystem and component levels for the various candidate pump-
fed propulsion systems considered. In addition, system engineering ana-
lyses encompassing failure mode and effects, reliability, and development
risk analyses were to be conducted. Also, dynamic systems analyses were
to be carried out which would assess fluid dynamics, start and stop tran-
sients, and ~ombustion system stability. Finally, a candidate pump-fed
propulsion system was to be selected for a baseline 1000 1bf thrust engine,

2-2
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3. SYSTEMS ANALYSIS

3.1 PROPELLANT CHARACTERISTICS

The most significant propellant characteristics affecting pump per-
formance are density and vapor pressure. Other physical properties such
as viscosity, thermal conductivity, and heat capacity usually have little
impact on achievable performance. For the overall pump feed system, the
impact of operational environmental factors must also be considered.

These characteristics are outlined below for the various propellants con-

sidered in this study.

3,1.1 Nitrogen Tetroxide

The bipropellant thrust chamber oxidizer was nitrogen tetroxide

(NZO4). The physical properties are given in Table 3-1,

Curves of density and vapor pressure versus temperature for the
study range of 30° to 120°F are shown in Figures 3-1 and 3-2. Because
the vapor pressure at 120°F is 50 psia and the propeliant tank pressure
is limited to 50 psia (maximum), the resultant net positive suction head
(NPSH) available to the oxidizer pump is zero. Since this will cause
cavitation to occur, the maximum temperature assumed for the N204
in this study was 100°F. This provides a NPSH of 20 psi which should
be adequate. Similarly, the density was taken at 100°F in determining

oxidizer pump volumetric flow and developed head.

3.1.2 Monomethyl Hydrazine

The bipropellant thrust chamber fuel utilized was monomethyl hydra-
zine (N2H3-CH3). The physical properties are given in Table 3-2,
Curves of density and vapor pressure versus temperature for the

study range of 30° to 120°F are shown in Figures 3-3 and 3-4.

3.1.3 Hydrazine
The gas generator for the monopropellant powered turbopumps uses
hydrazine (NZH4)' The physical properties are given in Table 3.3,

Curves of density and vapor pressure versus temperature are shown

in Figures 3-5 and 3-6.

3.1
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Table 3-1. Physical Properties of Nitrogen Tetroxide

Molecular Weight 92.016
Freezing Point 11.8°F
Boiling Point (at 14. 7 psia) 70°F
Critical Temperature 316°F
Critical Pressure 1470 psia

Heat of Vaporization 1782 Btu/lb

o
Temperature, F

30 100 120
1 1 X
Vapor Pressure, psia 5 /—50 50
Specific Gravity 1.5 1.4 1.375
Heat Capacity, Btu/1b-°F 0. 355 0. 380 0.383
Viscosity, lb/ft-sec x 10° 34 22 20
Thermal Conductivity, Btu/ft-hr-oFJ: 0.083 0.071 0.069

3.2 ROCKET ENGINE CHARACTERISTICS

This study was related primarily to an evaluation of various bipro-
pellant feed systems. It was conducted parametrically over a range of
thrust levels and thrust chamber pressures for the system requirements
specified in Table 1-1. However, various assumptions had to be made
regarding the rocket engine characteristics. For the baseline system
(1000 1bf thrust), these were based upon the Marquardt Model R-40B bipro-
pellant rocket engine. For the higher thrust level alternate systems
(2500, 4000 1bf thrust), the same characteristics were assumed. These

are briefly discussed below.

3.2.1 Thrust Levels

The Model R-40B rocket engine has a nominal thrust level of 900 1bf
at a feed pressure of 238 psia and a mixture ratio of 1. 65. However, it
has the capability of being operated over a thrust range from 600 to
1300 1bf with feed pressures from 150 to 400 psia and mixture ratios of
1.0 to 2. 7. Hence, it is compatible with the requirements of the baseline
propellant feed system. Similar engines could be developed for the higher
thrust levels considered in the study.

3-2
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Cable 3-2. Physical Properties of Monomethyl Hydrazine

Molecular Weight 46.075
Frcezing Point -63°F
Boiling Point (at 14. 7 psia) 189°F
Critical Temperature 609°F
Critical Pressure 1195 psia
Heat of Vaporization 377 Btu/lb
I Temperature, °F
- " ! - " L
30 100 120
Vapor Pressure, psia 0.20 2.0 5.0
Specific Gravity 0.90 0.86 0. 84
Heat Capacity, Btu/15-°F 0. 69 0.70 0.71
Viscosity, 1b/ft-sec x 10° 90 45 36
Thermal Conductivity, Btu/ft-hr-°F 0. 146 0. 142 0. 140

3.2,.2 Specific Impulse

The Model R-40B rocket engine utilizing the standard configuration
with a RAO type nozzle has a steady-state specific impulse, at an area
ratio (¢) of 100, of 298 seconds (see Figure 3-7). This can be uprated to
310 seconds by using a 4-inch combustion chamber, an optimized RAO
nozzle, and increasing the area ratio to 230, Minor injector modifications
will yield a 310 Isp at reduced area ratio, While the increased area ratio
will create some weight and volume penalties over the standard coniigura-
tion, this is more than compensated for by the 12-second improvement in
specific impulse. Hence, for this study a specific impulse of 310 seconds

was assumed for all thrust levels.

3.2.3 Propellant Flow Rates

The propellant flow rates for the thrust levels considered vary from
10 to 42 gpm. Since the total impulse for all systems remains constant
(3. 6M 1bf-sec), the total mass of the propellants and the volume of the
propellant tanks remains the same. However, since pump brake horse-
power is a direct function of flow rate, the output power required from the
pump drive (turbine; electric motor) is 4.2 times greater at the 4000 lbf
thrust level than at the 1000 1bf thrust level. This results in a dry weight

penalty of the pump drives for the higher thrust levels.
3-4
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Table 3-3. Physical Properties of Hydrazine

Molecular Weight 32,048

Freezing Pcint 35, 1°F

Boiling Point (at 14.7 psia) 236.3°F

Critical Temperature 716°F

Critical Pressure 2131 psia

Heat of Vaporization 540 Btu/lb

L Temperature, °F
30 T 100 120

Vapor Pressure, psia (.06 0. 60 1.0
Specific Gravity 1.02 0.99 0.98
Heat Capacity, Btu/1b-°F 0. 730 0. 745 0. 750
Viscosity, lb/ft-sec x 105 85 50 44
Thermal Conductivity, Btu/ft-hr-°F 0.212 0.202 0. 200

3.2.4 Thrust Chamber Pressure

The rocket engine thrust chamber pressures used in this parametric
study were 150, 300, and 500 psia. For a selected nozzle area ratio
(¢ = 230), the higher pressures result in a smaller size nozzle. However,

this is offset to a degree by the increased wall thicknesses required to

o . e C. .

maintain acceptable stress levels. In addition, the higher chamber pres-

sures also atfect the required pump discharge pressures and pump drive

brake horsepower requirements. It is beyond the scope of this study to

s

consider weight tradeoffs for the thrust chamber assembly. However, if
nozzle area ratios of 230 are required tc achieve a specific impulse of
310 seconds, it is obvious the nozzle weight can become a fairly signif-
icant factor in the dry weight of an overall propellant feed system-thrust
chamber assembly configuration. Allowable stowage volume introduces

another important factor - - this determination.

3.2.5 Injector Pressure Drop

The required TCA injector pressure drop is an important parameter
since it is directly related to maintaining combustion stability. In general,
the higher the pressure drop, the greater the certainty that combustion

3-6
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Figure 3-7, Marquardt Model R-40B Bipropellant Rocket Engine
(Nominal 900 1bf Thrust)

stability will be maintained. However, similar to the thrust chamber
level, the higher the injector AP, the greater the required pump discharge
pressures and pump drive brake horsepower requirements. For this
study, a moderately conservative approach was taken by assuming a

150 psid injector pressure drop for all systems (including feed line losses).

3.2.6 Pump Discharge Pressures

The pump discharge pressures ranged from 300 to 650 psia. With
the pump inlet pressures remaining constant at 50 psia, the pump pressure
rises varied from 250 to 600 psi. Since the pump brake horsepower require-
ments are directly proportional to pump pressure rise, this results in a
pump BHP increase of 2.4 times over the range considered. Hence, the
lower pump discharge pressures would tend to have a favorable effect on
achieving low propellant system dry weights,

3-8
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3.3 PUMP REQUIREMENTS

The pump flow rates are a function of the TCA specific impulse, the
mixture ratio, and the thrust level. These are summarized in Table 3-4,
Since the vapor pressure of NZO4 at 120°F is 50 psia (Table 3-1), which
results in a zero net positive suction head (NPSH), the density of the oxi-
dizer was taken at 100°F to determine pump volumetric flow rates. This
results in a positive 20 psi NPSH which should be adequate to prevent pump
cavitation. For consistency, the volumetric flow rates for the fuel pump
were also taken at 100°F even though the available NPSH at 120°F was

more than adequate.

Using the data in Table 3-4 and earlier TCA pressure drop assump-
tions, the pump design characteristics were established for the three thrust
levels (Tables 3-5, 3-6, and 3-7). The pump efficiencies have been
assumed to increase somewhat with the higher engine thrust levels (Fig-
ure 3-8). This is consistent with the increase in volumetric efficiencies

and specific speeds resulting from the higher engine thrust level flow rates.
3.4 PUMP PERFORMANCE CHARACTERISTICS

There are two basic types of pumps that can be considered for the
propellant feed system. These are positive displacement types and centrif-
ugal types. Within these two categories there are also various configura-

tions which can be considered. These are discussed below,

3.4.1 Positive Displacement Types

There are various types of positive displacement pumps. These are:

Piston Pumps
Vane Pumps

Gear Pumps

Rotary Pumps (IMO or Roots Type)

For positive displacement pumps, the flow rate is essentially constant for
a given rotative speed. Leakage losses tend to increase with higher dis-
charge pressures causing a small reduction in the flow rate, as is shown
by the sloping dashed lines of Figure 3-9.

3-9
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Table 3-4, Pump Flow Rate Requirements

Thrust Level, 1bf
Parameter 1000 2500 4000
Spec.tic Impulse, Isp' sec 310 310 310
Eaginc Flow Rate, m, lb/sec 3.23 8.06 12.9
Misture Ratio, r = W_/W, 1. 60 1. 60 1. 60
Piopellants
¢ Oxidizer I\IZO4 NZO4 N204
e Fuel MMH MMH MMH
Density, p_ (at 1N0°F), lb/ft> 87.8 87.8 87. 8
oy (at 120°F), Ib/gt> 52.9 52.9 52.9
p. (at 100°F), 1b/t> 53, 6 5.6 53. 6
Vapor Pressure, VP0 (at 100°F), psia 30.0 30.0 30.0
VP, (at 120°F) psia 5.0 5.0 5.0
Pump Flow Rates, Wf, Ib/sec 1.24 3.10 4,96
W, 1b/sec 1.99 4.96 7.96
Piston Type

This pump essentially uses one or more reciprocating pistons to pro-
vide the flow rates required. When used in conjunction with a turbine or
electric motor drive, a nutating wobble plate is employed to convert the
rotary motion into reciprocating motion. This is usually a high-friction
device and, because of limitations in piston velocities, operates at com-
paratively low pun,p drive rotative speeds. However, for very low specific
speed conditicne (i.e., low flow rate and high discharge pressures), it can
sometimes result in achieving the highest efficiencies (Figure 3-9a).
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Table 3-5. Pump Design Characteristics
(F = 1000 1bf)

Thrust Level, 1bf

Parameter 1000 1000 1000
Chamber Pressure, PC, psia 150 300 500
System AP, psi 150 150 150
Pemp Discharge Pressure, psia 300 450 650
Pump Inlet Pressure, psia 50 50 50
Pump Pressure Rise, psi 250 400 600
AP, ft 643 1029 1543
AP, ft 405 650 975
Pump Flow Rate, Vf, gpm 10.52 10.52 10. 52
» cfs 0.0v234 0.0234 0.0234
Pu.np Flow Rate, Vo’ gpm 10. 19 10. 19 10. 19
, cfs 0.0227 0.0227 0.0227
Pump Efficiency 0. 65 0. 65 0. 65
Pump Brake Horsepower
BHP, 2.36 3.79 5.66
BHPo 2.29 3.66 5.48
Pump Speed, N, rpm 84,000 84,000 84, 000
Specific Speed, Nsf (cfs Basis) 100. 7 81.2 52.3
Ns (cfs Basis) 140.0 98.3 72.5
Suction Specific Spt;ed
S, (120°F, gpm Basis) 7,517 7,517 7,517
S, (100°F, gpm Basis) 19, 749 19, 749 19, 749

3-11
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Table 3-6. Pump Design Characteristics
(F = 2500 1bf)

II Thrust Level, 1bf
Paran eter 2500 2500 2500
Chamber Pressure, Pc’ psia 150 300 500
System AP, psi 150 150 150
Pump Discharge Pressure, psia 300 450 650
Isump Inlet Pressure, psia 50 50 50
Pump Pressure Rise, AP, psi 250 400 600
AP, ft 643 1029 1543
APO, ft 405 650 975
Pump Flow Rate, V., gpm 26.35 26.35 26.35
cfs 0.0585 0.0585 0.0585
Vo, gpm 25,47 25.47 25,47
cfs 0.0568 0.0568 0.0568
Pump Efficiency 0.70 0.70 0.70
Pump Brake Horsepower
BHPf 5.46 8.76 13.1
BHPo 5.30 8.48 12.73
Pump Speed, N, rpm 84, 000 84,000 84,000
Specific Speed, st (cfs Basis) 159.2 111.9 82.5
Nao (cfs Basis) 220.7 154.7 114, 2
Suction Specific Speed
S, (120°F, gpm Basis) 11, 883 11, 883 11,883
S, (100°F, gpm Basis) 31,176 31,176 31, IL

3-12
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Table 3-7. Punip Design Characteristics

(F = 4000 1bf)
Thrust Level, lbf ’ ‘j
Parameter 4000 4000 4000
Chamber Pressure, Pc’ psia 150 300 550
System AP, psi 150 150 150
Pump Discharge Pressure, psia 300 450 650
Pump Inlet Pressure, psia 50 50 50
Pump Pressure Rise, AP, psi 250 400 600
AP, ft 643 1029 1543
AP, ft 405 650 975
Pump Flow Rate, Vf, gpm 42.08 42.08 42,08
cfs 0.0936 0.0936 0.0936
Vo, gpm 40.75 40.75 40.75
cfs 0.908 0.908 0.908
Pump Efficiency 0.75 0.75 0.75
Pump Brake Horsepower
BHPf 8.70 13.97 20. 85
BI—IP° 8.0 12.79 19,18
Pump Speed, N, rpm 84,000 84,000 84,000
Specific Speed, st (cfs Basis) 203.5 143.0 105. 6
Ns (cfs Basis) 281.7 197.5 145. 8
Suction Specific Sp:ed
S (120°F, gpm Basis) 15, 504 15,504 15, 504
S, (100°F, gpm Basis) 29, 670 39, 670 39,670
| - - el
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Figure 3-9a. Piston Type Pump Performance Range

Vane Type

Vane type pumps have one or more spring-loaded vanes operating in
an eccentric circular housing. This eliminates the need for a wobble plate
but essentially has the same performance characteristics of the piston
pump. High discharge pressures tend to put a heavy load on the bearings,
thus lowering the mechanical efficiency of the unit. However, because the
vanes operate with essentially zero clearance with respect to the housing,

high volumetric efficiencies can be achieved.

Gear Type

This pump uses the clearance spaces between a set of meshing spur
gears and the housing to provide the required volumetric flow. It is capa-
ble of operating at higher rotative speeds than the piston or vane type
pumps since a finite clearance is employed between the gears and the hous-
ing. In this case mechanical efficiencies can be quite high, but volumetric

efficiencies are usually somewhat lower.

3-15




w———

&

-

-~

4

U D N Mg g S ey Ay

Rotary (IMO or Roots) Type

This pump is similar to the gear pump except that pumping and flow
can occur in a longitudinal direction in the volume available in two mesh-
ing helical lobed rotors (IMO pump). Axial pressure balancing can be
employed to minimize loads on the thrust bearing. Slide valve porting
also gives this pump the capability of varying the flow rate over a fairly
wide range while still operating at constant speed. Despite achievable high
mechanical efficiencies, required lobe clearances result in low volumetric

efficiencies.

- 3.4.2 Centrifugal Pumps

For high rotative speeds at moderate flow rates and pressure rises,
the centrifugal pump can usually provide the highest efficiencies at the
lowest mass. This makes them compatible with high speed turbine and
motor drives. A centrifugal pump consists of an impeller, diffuser, and
discharge scroll, To achieve high suction specific speeds, an axial

inducer is utilized. Typical head-capacity curves are shown in Figure 3-9.

Radial Flow Type

The radial flow centrifugal pump is normally employed in the high
specific speed range (40-600). For maximum efficiency, the radial impeller
employs backward swept vanes which are shrouded to minimize recircula-
tory flow losses. Front and rear labyrinth or face seals are used to re-
duce leakage losses. The impeller outer diameter can be determined
from the specific diameter value Ds’ at the best efficiency point from the

following relationship:

D_~NQ
D = _s—
o (AP)O' 25
where
D. = gpecific diameter (at best efficiency point)
AP = pump pressure (ft)
Q = pump flow rate (gpm)
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The value of Ds is obtained from experimental data. Since the impeller
outer diameter directly affects the size of the pump, the higher the rota-

tive speed, the smaller and lighter the pump becomes.

Axial Flow Type

The axial flow centrifugal pump is normally employed ir the high
specific speed range (600 to 10,000). These high values result from either
high flow rates or low pressure rises and a combination of both. Axial
pump impellers employ helical vanes, with the fluid entering and leaving
the pump in an axial direction. Similar to r:.dial flow pumps, shrouds,

seals, and diffusers are also utilized to maximize the pump efficiency.

Axial Inducers

The axial inducer is similar to the axial flow pump. It is used at the
inlet to a radial flow pump to increase its suction specific speed. Its func-
tion is to provide a small pressure rise at the inlet to the radial impeller

to prevent the occurrence of cavitation when operating at high rotative
speeds,
Diffusers

The function of a pump diffuser is to convert a portion of the kinetic
energy in the fluid leaving the radial impeller into static pressure., By so

doing, the overall efficiency of the pump is increased. Both vaneless and

vaned diffusers can be utilized.

3.4.3 Candidate Propellant Fecd Systems Pumps

The rationale for selection of the candidate propellant feed systems
pumps is to choose the type that will provide the highest efficiency at the
lowest weight. Tables 3-5 to 3-7 identified the desired pump performance
characteristics. From these data it was determined that the pump spe-

cific speeds fell into the ranges shown in Table 3-8,

The actual values as a function of thrust level and pump pressure
rise, are summarized in Figures 3-10 to 3-12. The estimated perform-
ance and design characteristics of the various type pumps considered in
this study are depicted in Figure 3-13, It can clearly be seen that in the
specific speed range from 50 to 270 (which encomparses all the values in
Table 3-8), the highest efficiencies can be obtained with centrifugal pumps.

3-17
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Figure 3-14 also reflects this as well as indicating that centrifugal pumps

require smaller specific diameters and hence, result in lighter weight

configurations.

Table 3-8, Pump Specific Speed Range

T Specific Speed, Ns (on cfs basis)

Thrust Level
(1bf) Oxidizer Pump Fuel Pump

1000 70-140 50-1C2
2500 110-220 80-160
4000 140-270 100-190

10
[ J l

i
]
]
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|
|
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|
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- Nz04 OXIDIZER PUMP

§
L

SPECIFIC SPEED, Ng ICFS BASIS)
8

PUMP PRESSURS AISE, P8I

Figure 3-10. Specific Speed Versus Pump Pressure Rise
(F = 1000 1bf)
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Figure 3-14, Pump Specific Diameters and Efficiencies as a
Function of Specific Speed

Another factor in selecting a candidate pump is the required suction
specific speed as indicated in Figure 3-15. The MMH fuel pump range is
from 7700 to 15, 200, and the N204 oxidizer pump requirements are much
higher at 20, 000 to 40, 000. In order to achieve these values, the pre-
ferred pump configuration is to use an axial inducer in conjunction with a
centrifugal impeller. Positive displacement pumps are usually limited to
a suction specific speed range of 5,000 to 10,000. This would limit the
speed of these type pumps to approximately 10, 000 rpm, which would
result in a much heavier configuration than centrifugal pumps rotating
at 84, 000 rpm,

e - YR
o~
1. Y

Because of the foregoing, the candidate pump selected for the pro-
pellant feed system was the centrifugal pump with an axial inducer, The
impeller diameters and weight estimates for the oxidizer and fuel pumps
are shown in Tables 3-9 to 3-11 for the various engine thrust levels. Total ;
pump weights vary from 0. 7 to 2.2 pounds. The pump impeller outside
diameters are plotted parametrically in Figures 3-16 and 3-17.
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Table 3-9. Centrifugal Pump — Impeller Diameter and Weight Estimate

(F = 1000 1bf)

Thrust Level, 1bf

Parameter 1000 1000 1000
Specific Speed, st 100. 7 81.2 52.3
Nso 140.0 98. 3 72.5
Specific Diameter, Dsf 2.1 2.5 3.1
Dso 1. 65 2.15 2.6
Pump Pressure Rise, APf (ft) 643 1029 1543
APO (ft) 405 650 975
Pump Flow Rate, Vf (cfs) 0.0234 0.0234 0.0234
Vo (cfs) 0.0227 0.0227 0.0227
DNV,
sg f .
le = — .35 X 12; inch 0. 766 0.810 0.908
(APf)
Ds Vo
D], = —3z X 12; inch 0. 665 0.770 | 0.841
(APO)
Impeller Weight, 1b
wImp (f) 0.0115 0.0129 0.0162
w 0.0087 0.0097 0.0122
Imp (o)
Pump Weight, 1b, Wp(f) 0.115 0.129 0. 162
(Including Housings), Wp(o) 0.087 0.097 0.122
Pump Shaft, Bearings, Seals, Weight 0.5 0.75 1.0
Total Pump Weight, W 0.702 0.976 1. 28

P
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Table 3-10. Centrifugal Pump — Impeller Diameter, and

Weight Estimate (F = 2500 1bf)

Thrust Level, 1bf
Parameter 2500 2500 2500
Specific Speed, st 159.2 111.9 82.5
Ng, 220.7 154, 7 114, 2
Specific Diameter, Dy, 1.5 1.9 2.42
Ds0 1.1 1.5 1.9
Pump Pressure Rise, APf (£t) 643 1029 1543
APO (ft) 405 650 975
Pump Flow Rate, Vf (cfs) 0.0585 0.0585 0.0585
Vo(cfs) 0.0568 0.0568 0.0568
Ds Vf
Dy, = —Lp—>z x 12, inch 0.865 | 0.974 | 1.12
I (ap)™
f
D = —2——x 12, inch 0.701 0. 850 0.972
o 0.25
(AP )
o
Impeller Weight, 1b, wi(f) 0.0176 0.0224 0.0296
W, 0.0116 0.0170 0.0223
i(o)
Pump Weight, 1b, Wp(f) 0.176 0. 224 0. 296
(Including Housings), W, 0.116 0. 170 0.223
Pump Shaft, Bearing, Seals, Weight 0.75 1.0 1. 25
Total Pump Weight, Wp 1. 04 1. 40 1.77
—
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Table 3-11. Centrifugal Pump — Impeller Diameter and Weight

Estimate (F = 4000 1bf)

Thrust Level, 1bf

Parameter 4000 4000 4000
Specific Speed, Ng, 203.5 143.0 105.6
Nso 281, 7 197.5 145, 8
Specific Diameter, Dsf 1. 25 1.63 2.0
D, 0.9 1.25 1. 65
Pump Pressure Rise, APf (ft) 643 1029 1543
APO (ft) 405 650 975
Pump Flow Rate, V. (cfs) 0.0936 | 0.0936 | 0.0936
Vo (cfs) 0.0908 0.0908 0.0908
Ds '\]Vf
D, = ——— x 12, inch 0.912 | 1.04 1,172
f 0.25
(aPy)
Ds Vo
D; =—2—%—=x 12, inch 0.725 0.895 1.068
o
Impeller Weight, lb, wi(f) 0.0229 0.0297 0.0378
Ww. 0.0145 0.0220 0.0314
i(o)
Pump Weight, 1b, wp(f) 0.229 0.297 0.378
(Including Housings), Wp(o) 0. 145 0. 220 0.314
Pump Shaft, Bearing, Seals, Weight 1.0 1.25 1. 50
1.38 1.77 2.20

Total Pump Weight, Wp. 1b
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Figure 3-17, Oxidizer Pump Impeller Outside Diameter Variation with
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3.5 PUMP DRIVE SYSTEMS

There are three basic design configurations that were considered for

the propellant feed system. These were:

e Battery Powered Motor
® Monopropellant, Gas-Generator Powered Turbine

e Bipropellant, Gas-Generator Powered Turbine

An important factor in considering these three design options is the pump
brake horsepower requirement. These are summarized on Figures 3-18
and 3-19, The fuel pump BHP range is from 2 to 20.5 HP; and the oxi-
dizer pump BPH range is from 2 to 19.5 HP. The total output HP required
from the pump drive is shown on Figure 3-20 and ranges from 4 to 40 HP.
The applicability of the various pump drives to this power range is dis-
cussed below.

3.5.1 Battery Powered Motor

High speed (64,000 to 84,000 rpm) permanent magnet (samarium

cobalt), brushless motors are available in the 5 to 40 HP (3. 73 to 29.8 KWE)
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range. At these speeds they are lightweight and comparatively small in
volume (Figures 3-20a and 3-20b). In addition, an overall motor efficiency
of 0. 85 is readily achievable. The motor stator housing would include
cooling passages so that heat can be rejected to the MMH fuel. Hence,
these types of motors are very attractive candidates for the pump-fed pro-

pellant feed systems.

The major weight penalty associated with the motor drive option was
that resulting from the batteries. There were two candidate batteries con-

sidered during this study. These are shown in Table 3-12,

These are primary (nonrechargeable) type batteries. While the
LiTCl battery would potentially provide the lightest weight unit, the high
current drain rate resulting from a l-hour total thrusting time would
require that this type battery be severely downrated. However, for this
study, the assumption was made that the performance of this battery
would be improved with additioral development effort and that a nominal
100 watt-hour/1b specific energy would be achievable, The battery weights,
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as a function of total cnergy output, are shown in Figure 3-21. For the
propellant feed systems considered in this study, the AgZn battery weights
range from 80 to 200 pounds and the LiTCl from 40 to 100 pounds., A
summary of the battery weight analyses for .he various engine thrust levels
and thrust chamber pressures is provided in Tables 3-13, 3-14, and 3-15.
If low thrust chamber pressures (i.e., PC = 150 psia) are utilized, the

battery weights appear to make this an attractive option. For high thrust

Table 3-12. Candidate Batteries {

Specific Energy Specific Volume
Battery Type (watt-hr/1b) (watt-hr/cu in)

Silver Zinc (AgZn) Primary 50 2.25

Lithium- Thionyl Primary 1141 6.0
Chloride (Li1Cl)

(1) Specific Energy achievable only with low current drain rate
(i.e., 10-24 hours)
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Table 3-13, Battery Weight Analysis (F = 1000 1bf)

Thrust Level, 1bf

Parameter 1000 1000 1000
Thrust Cnamber Pressure, PC, psia 150 300 500
Total Pump Brake Horsepower, BHPT 4, 65 7.45 11. 14
Electric Motor Efficiency, . 0. 85 0.85 0. 85
Total Thrusting Time, hr 1.0 1.0 1.0
Total Energy Input, watt-hr 4081 6539 9777
Battery Specific Energy, w-hr/1b 50 50 50
100 100 100
Battery Weight, 1b (50 w-hr/1b) 81.6 130.7 195.5
(100 w-hr/1b) 40.8 65.4 97.7
Battery Energy Density, w-hr/in>
(AgZn) 2.25 2.25 2,25
(LiTC1) 6.0 6.0 6.0
Battery Volume, ft3
(AgZn) 1.05 1.68 2,82
(LiTCl) 0. 394 0.63 0.944
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Table 3-14., Battery Weight Analysis (F = 2500 1bf)

Thrust Level, 1bf

l
|
|
Parameter 2500 2500 2500
l Thrust Chamber Pressure, PC, psia 150 300 500
l Total Pump Brake Horsepower, BHPp | 10.76 17.24 | 25.83
Electric Motor Efficiency, "m 0.85 0. 85 0.85
' Total Thrusting Time, hr 0.4 0.4 0.4
Total Energy Input, watt-hr 3777 6052 9068
l Battery Specific Energy, w-hr/lb 50 50 50
100 100 100
l Battery Weight, 1b (50 w-hr/1b) 75. 6 121.0 181. 4
I (100 w-hr/1b) 37.8 6C.5 90,7
Battery Energy Density, w-hr/cu in
' (AgZn) 2.25 2.25 | 2.25
(LiTCl) £.0 6.0 6.0
' Battery Volume, ft3
(AgZn) 0.972 1.5575{ 2.334
l (LiTC1) 0.364 0.583 | 0.874
|
i
I
i
i
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Table 3-15. Battery Weight Analysis (F = 4000 1bf)

L L T

Thrust Level, 1bf
Parameter 4000 4000 4000
Thrust Chamber Pressure, Pc’ psia 150 300 500
Total Pump Brake Horsepower, BHP 16.7 26.76 | 40,03
Electric Motor Efficiency, u. 0.85 0.85 0. 85
Tota® Thrusting Time, hr 0.25 0.25 0.25
Total Energy Input, watt-hr 3664 5871 8783
Battery Specific Erergy, w-hr/lb 50 50 50
100 100 100
Battery Weight, 1b (50 w-hr/1lb) 73.2 117. 4 165. 6
(100 w- hr/1b) 36.6 58.7 87.8
Battery Energy Density, w-hr/cu in
(AgZn) 2.25 2.25 2.25
(LiTCI 6.0 6.0 6.0
Battery Volume, ft3
(AgZn) 0.942 1.51 2.26
(LiTC1) 0. 353 0.566 | 0.850
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chamber pressures (i.e., PC = 500 psia), the required battery weights
tend to become excessive, particularly if the AgZn batteries are the only

fully developed option available.

3.5.2 Monopropellant, Gas Generator Powered Turbine

A high spced turbine powered by a monopropellant (N2H4) gas gen-
erator will also result in a lightweight pump drive. The thermodynamic
characteristics of the decomposition products of hydrazine are shown in
Figure 3-22. For an 80% ammonia dissociation rate, the adiabatic flame
temperature is 1392°F. Allowing for a small temperature drop (approxi-
mately 17°) from the gas generator exit provides a turbine inlet tempera-
ture of 1375°F. The turbine design criteria utilized in this study are given
in Table 3-16. The results of the turbine analyses for the various engine
thrust levels and thrust chamber pressures are summarized in Tables 3-17,
3-18, and 3-19. Turbine efficiency estimates are given in Tigures 3-22a
and 3-23. The estimated efficiencies of Figure 3-23 were higher than those
in Figure 3-22a. However, to be conservative, the lower values were

used in conducting the turbine analyses. The turbine weights varied from

15. 6 1b (F = 1000 1bf, Pc = 150 psia) to 43. 8 1b (F = 4000 1bf, PC = 500 psia).

The variations in turbine pitch diametcr are shown in Figure 3-23a.

The design criteria for the monopropellant gas generator were given

in Table 3-16 and are supplemented with the additional values in Table 3-20.
The results of these analyses are summarized in Tables 3-21, 3-22,

nd 3-23. As may be noted, the weight of the gas generator combustion
chambers for all thrust levels and chamber pressures is less than 1 pound.
Hence, this component is not a major factor in the overall dry weight of
this type of pump drive. In addition, they are small in envelope dimen-
sions (Figure 3-23b),

3.5.3 Bipropellant Gas Generator Powered Turbine

An alternate approach to the I€2H4 monopropellant gas generator
driven turbine is to employ the rocket engine propellant N204 and MMH
in a bipropellant gas generator. This approach has the virtue of elim-
inating the need for a separate gas generator propellant tank and its pres-
surizing controls. The propellants are stored along with the main rocket
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Table 3-16.

Turbine Design Criteria — Monopropellant Gas Generator

F

Working Fluid

% Ammonia Dissociation, X
Adiabatic Flame Temperature, TC
GG Expansion Ratio, e

Molecular Weight, MW

Universal Gas Constant, R

Theoretical I
sp(vac)

Thrust Coefficient, CF(vac)
Ratio of Specific Heats,
Yexit = Cp/Cy =

Specific Heat at Constant Pressure,
Y R

CPlexit) ~ V- 17

Specific Heat at Constant Volume,
c _R/J _
Viexit) "k - 1

Turbine Inlet Temperature, TTl

Turbine Inlet Pressure, PT1
Turbine Outlet Pressure, PTZ

Turbine Speed, N

Hydrazine (N2H4)
80%

1392°F

50

11.72

131.83

224.8

1. 744

1.43
0.564 Btu/1b-°F

0.394 Btu/1b-°F

137531-‘
1835°R

150 psia
15 psia

84,000 rpm
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Table 3-17. Turbine Analysis — Hydrazine Gas Generator (F = 1000 1bf)

Thrust Level

Parameter 1000 1000 1000
Chamber Pressure, PC, psia 150 300 500
Specific Speed, Ns (cfs basis) 5.81 7.34 8.99
Specific Diameter, Dst 8.0 7.0 6.0
Turbine Efficiency, Ny (Fig. 3-22) ~0.70 ~0.72 ~0.73
Pitch Diameter, Dt’ inches 3.64 4,03 4,23
Peripheral Velocity, Ut’ ft/sec 1334 1477 1550
Nozzle Spouting Velocity, co(lS%)’ ft/sec | 4064 4064 4064
Velocity Ratio (Ut/co)(ls%) 0.33 0.36 0.38
Turbine Efficiency, n, (Fig. 3-23) ~0.78 ~0.81 ~0.85
Turbine Flow Rate, m, lb/sec 0.0113 0.0181 0.0271
Turbine Output Power, P, BHP 4.65 7.45 11. 14
Turbine Speed, N, rpm 84,000 84,000 84, 000
T »ine Rotor Weight, W¢ , 1b 3.12 3.83 4.22
/' -onel X-750; p = 0.3 1bfin3
Turbine Weight, W¢, 1b 15.6 19.1 21,1
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Table 3-18, Turbine Analysis — Hydrazine Gas Generator (F = 2500 1bf)

Thrust Level

Parameter 2500 2500 2500
Chamber Pressure, Pc’ psia 150 300 500
Specific Speed, NS (cfs basis) 8. 82 11.2 13. 69
Specific Diameter, Ds, 7.0 6.0 5.0
Turbine Efficiency, Ne (Fig. 3-22) ~0.72 ~0.74 ~0.7¢6
Pitch Diameter, Dt’ inches 4. 85 5.26 5.37
Peripheral Velocity, V,, ft/sec 1777 1927 1968
Nozzle Spouting Velocity, Co(lS%)’ ft/sec | 4064 4064 4064
Velocity Ratio (Ut/co)(IS%) 0.437 0.474 0.484
Turbine Efficiency, ¢ (Fig. 3-23) ~0.87 ~0. 88 ~0.89
Turbine Flow Rate, m, lb/sec 0.0261 0.0419 0.0628
Turbine Output Power, Pt, BHP 10. 76 17. 24 25.83
Turbine Speed, N, rpm 84,000 84, 000 84,000
Turbine Rotor Weigiit, Wtr’ 1b 5.54 6.52 6.79
Turbine Weight, Wt’ Ib 27.7 32.6 34.0
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Table 3-19, Turbine Analysis — Hydrazine Gas Generator (F = 4000 1bf)

Thrust Level

Parameter 4000 4000 4000
Chamber Pressure, Pc' psia 150 300 500
Specific Speed, Ns (cts basis) 11.0 13.9 17.0
Specific Diameter, Dg, 6.25 5.4 4.6
Turbine Efficiency, yn (Fig. 3-22) ~0.75 ~0.,76 ~0.77
Pitch Diameter, Dt’ inches 5.40 5.85 6.10
Peripheral Velocity, V,, ft/sec 1979 2144 2235
Nozzle Spouting Velocity, Co(lS%)’ ft/sec | 4064 4064 4064
Velocity Ratio (Ut/Co)(IS%) 0. 487 0.527 0.550
Turbine Efficiency, y" (Fig. 3-23) ~0.86 ~0.87 ~0.87
Turbine Flow Rate, m, lb/sec 0.0406 0.0650 0.0973
Turbine Output Power, Pt, BHP 16.7 26.76 40.03
Turbine Speed, N, rpm 84, 000 84,000 84, 000
Turbine Rotor Weight, Wtr, 1b 6. 87 8.06 8.76
Turbine Weight, W¢, 1b 34.4 40.3 43,8 I
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Table 3-20. Monopropellant (N2H4) Gas Generator Design Criteria

Characteristic Velocity, c*
Characteristic Length, L*
Ratio of Specific Heats, Y(throat)

Y(exit)

Y(comb.chbr.)
Combustion Chamber Pressure, PG

4160 ft/sec

700

1.335
1.430
1.320

200 psia

Table 3-21. Gas Generator Analysis (N2H4) — (F = 1000 1bf)

Thrust Level

Parameter 1000 1000 1000
Chamber Pressure, PC, psia 150 300 500
Turbine Flow Rate, m, lb/sec 0.0113 | 0.0181 | 0.0271
Characteristic Velocity, C*, ft/sec 4160 4160 4160
Combustion Chamber Pressure, PG’ psia 200 200 200
Throat Area, At’ sq in 0.0073 | 0.0117 ] 0.0175
Throat Diameter, Dt' inch 0.0964 | n, 122 0. 149
Characteristic Length, L%* (est), ft/sec-ft2 700 700 700
Combustion Chamber Volume, VG’ in3 5.11 8.19 12.25
Combustion Chamber Diameter, DG' inch 2.0 2.0 2.0
Combustion Chamber Length, LG' inch 1.63 2.61 3.90
Wall Thickness, tG’ inch 0.0625 | 0.0625 | 0.0625
Density of Material, pg), 1b/in’ 0.231 |0.231 |o0.231
Combustion Chamber Weight, WG, 1b 0.148 ] 0.2368 | 0.3538 I
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Table 3-22. Gas Generator Analysis (NZH

4)

(F = 2500 1bf)

Thrust Level

A U O M g ey e e e e 4

|

Parameter 2500 2500 2500
Chamber Pressure, PC, psia 150 300 500
Turbine Flow Rate., m, lb/sec 0.0261] 0.0419| 0.0628
Characteristic Velocity, C*, ft/sec 4160 4160 4160
Combustion Chamber Pressure, Pc' psia 200 200 200
Throat Area, At‘ sq in 0.0169] 0.0271 ] 0.0406
Throat Diameter, Dt' inch 0, 147 0.1858 | 0.2274
Characteristic Length, L* (est), ft/sec-ft2| 700 700 700
Combustion Chamber Volume, VG, in3 11.83 18.97 28.42
Combustion Chamber Diameter, DG’ inch 3.0 3.0 3.0
Combustion Chamber Length, LG' inch 1. 67 2.68 4.02
Wall Thickness, tg' inch 0.0625] 0.0625 ] 0.0625
Density of Material, p,,, 1b/in> 0.231 | 0.231 |o0.231
Combustion Chamber Weight, WG' 1b 0.227 0. 365 0.547
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Table 3-23. Gas Generator Analysis (N2H4) — (F = 4000 1bf)

Thrust Level

. Parameter 4000 4000 4000
Chamber Pressure, PC, psia 150 200 500
Turbine Flow Rate, m, lb/sec 0.0406 | 0.0650 ] 0.0973
Characteristic Velocity, C*, ft/sec 4160 4160 4160
Combustion Chamber Pressure, PC, psia 200 200 200
Throat Area, A,, in” 0.0262 | 0.0420 | 0.0629
Throat Diameter, Dt' inch 0.1826 1 0.2312 ] 0.2830
Characteristic Length, L™ (est), ft/sec-ft2| 700 700 700
Combustion Chamber Volume, VG’ in 18. 34 29.4 44.03
Combustion Chamber Diameter, DG' inch 3.75 3.75 3.75
Combustion Chamber Length, LG' inch 1. 66 2. 66 3.98
Wall Thickness, tg' jiach 0.0625 ] 0.0625 | 0.0625
Density of Material, PoM’ 1b/in3 0.231 0.231 0.231
Combustion Chamber Weight, WG’ 1b 0.282 | 0.4524 | 0.677
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ergine propellunts and are pressurized to the required gas generator com-

bustion chamber pressure by the propellant feed system pumps.

At a mixture ratio of 1. 6 the combustion chamber temperature wuuld
be approximately 4600°F (SZOOOR) (Figure 3-29). This would be much too
high for the turbine. Hence, the gas generator is required to operate very
fuel rich at a mixture ratio of 0.4. This corresponds to an acceptable com-
bustion gas temperature of 1400°F (1800°R) (Figure 3-24)., However,
below a mixture ratio of 0. 5, there is the possibility of the formation of
free carbon. This would have to be investigated for any adverse effects
on the turbine. Allowing for a small temperature drop (approximately 25°)
from the gas generator exit provides a turbine inlet temperature of 1375°F.
For these conditions the turbine design criteria utilized in the study are
given in Table 3-24. The results of the turbine analyses for the 2500 1bf
thrust level and the various chamber pressures are summarized in Table
3-25. Turbine efficiency estimates were taken from Figures 3-22 and
3-23. The turbine weights at the 1000 1bf and 4000 1bf thrust levels were
extrapolated from the data in Table 3-25.

The design criteria for the bipropellant gas generator were given in

Table 3-24 and supplemented with the values given in Table 3-26.

The characteristic velocity of Table 3-26 corresponds to a mixture
ratio of 0.4 (Figure 3-25) since acceptable gas generator combustion
character.stics (i. e., 1400°F) should result under this condition, The
results of these analyses are given in Table 3-27 for the 2500 1bf thrust
level. Here again, extrapolations were made to the 1000 1bf and 4000 1bf

thrust levels in determining bipropellant gas generator weights.
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Table 3-24. Turbine Design Criteria; Bipropellant

Sas Generator

Working Fluid

Adiabatic Flame Temperature, TC

GG Expansion Ratio, ¢
Molecular Weight, MW

Universal Gas Constant, R

Ratio of Specific Heats,
Y . = (@ /C =

exit PV
Characteristic Velocity, C*

Specific Heat at Constant Fressure,

Combustion Products of

MMH/NZO4

1400°F (MR = 0, 4)
50

18. 82 gm/mole

82.09

1.4

5000 ft/ sec (MR = 0. 4)

C =Y _ xR 0.3693 Btu/1b-°F
P, . y-1717J

(exit)
Specific Heat at Constant Volume,
cy =oisxZ- 0.2638 Btu/lb-°F

(exit) Y-
Turbine Inlet Temperature, TT 137521

1 1835"R
Turbine Inlet Pressure, PT 150 psia
1
Turbine Outlet Pressure, PT 15 psic
2
Turbine Speed, N 84,000 rpm
3-47
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Table 3-25., Turbine Analysis — MMH/N204 Gas Generator

(F = 2500 1bf)

Thrust Level, 1bf

Parameter 2500 2500 2500
Chamber Pressure, Pc’ psia 150 309 500
Specific Speed, NS (cfs basis) 8.63 10. 94 13.38
Specific Diameter, DSt 6.0 5.5 5.0
Turbine Efficiency, um (chart) ~0.72 ~0.74 ~0.76
Pitch Diameter, Dt' inch 3.76 4, 36 4, 85
Peripheral Velocity, V,, ft/sec 1378 1598 1777
Nozzle Spouting Velocity, Co(lS%)’ ft/sec 3755 3755 3755
Velocity Ratio, Ut/co(IS%) 0.367 | 0.426 | 0.473
Turbine Efficiency, yM (U/C chart) ~0.81 ~0, 86 ~0. 88
Turbine Flow Rate, m, lb/sec 0.0306 | 0.0491] 0.0735
Turbine Output Power, Pt, BHP 10.76 17. 24 25. 83
Turbine Speed, N, rpm 84,000 | 84,000 84,000
Turbine Rotor Weight, W¢,, 1b 3.33 4,48 5.54
(p = 0.3 1b/in3), t = 1 inch
Turbine Weight, W, 1b 16.65 | 22.4 27.17

T’
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Table 3-26. Bipropellant (MMH/N,04) Gas
Design Criteria

Generator

Characteristic Velocity, G
Characteristic Length, L*

Ratio of Specific Heats, Y(aver)

Combustion Chamber Pressure, PG

5000 ft/sec
700 ft/ sec-ft®
1.4

200 psia

i /

4

6200 /

CHARACTERISTIC VELOCITY, FT/SEC

5000
OPERATING POINT
4800
FROPELLANTS — MMH/NyO4

- G.G. CHAMBER PRESSURE — 200 PSIA
4800

_
aaoo L1 | 1 ! |

0 04 08 1.2 16 20

MIXTURE RATIO, v/,/W,

Figure 3-25. Characteristic Velocity vs. Mixture Ratio for

Bipropellant Gas Generator
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Table 3-27, Bipropellant Gas Generator Analysis — MMH/NZO4

(F = 2500 1bf)
Thrust Level, 1bf

Parameter 2500 2500 2500
Chamber Pressure, PC, psia 150 300 500
Turbine Flow Kate, m, lb/sec 0.0306 | 0.0491 | 0.0735
Characteristic Velocity, C*, ft/sec 5000 5000 5000
Combustion Chamber Pressure, PG, psia 200 200 200
Throat Area, At’ sq in 90,0237 | 0.0381 ] 0.0571
Throat Diameter, Dt' inch 0.1738 ]| 0.2204 | 0.2696
Characteristic Length, L* (est), ft/ sec-ft¢| 700 700 700
Combustion Chamber Volume, VG, in3 18. 76 30. 17 45, 15
Combustion Chamber Diameter, DG' inch 3.0 3.0 3.0
Combustion Chamber Length, LG’ inch 2,65 4,27 6. 39
Wall Thickness, tg’ inch 0.0625 ] 0.0625 | 0.0625
Density of Material, PGR’ 1b/m3 0.231 | 0.231 }0.231
Combustion Chamber Weight, WG' 1b 0.3606 ] 0.581 0.870
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3.6 CANDIDATE PROPELLANT FEED SYSTEMS

As a result of the previous analyses, four candidate propellant feed
systems were selected for further evaluation. These are listed in

Table 3-28.

3.6.1 Battery Powered Electric Motor Driven Pumps

These PFS systems (Numbers 1 and 2) are shown on Figure 3-26.
These are essentially the same system except for the type of batteries
utilized. By operating at 84,000 rpm, the motor driven pumps can be
configured to be lightweight and small in envelope dimensions. The weight
of the primary batteries (as discussed in Section 3.5. 1) becomes the most
significant factor in the overall PFS dry weight. However, for low thrust
levels, chamber pressures and short burning times, these type systems

are attractive. Power for the controls is in the range of 25 to 56 watts.

Table 3-28. Candidate Propellant Feed Systems

System No. Description
1 Battery Powered Electric Motor Driven Pumps

(Li-Th-Cl Primary Batteries)

2 Battery Powered Electric Motor Driven Pumps
(AgZn Primary Batteries)

3 Monopropellant, Gas Generator Powered
Turbopumps (N2H4)

4 Bipropellant Gas Generator Powered
Turbopumps (MMH/N204)

3.6.2 Monopropellant, Gas Generator Powered Turbopumps

This PFS system (Number 3) is shown in Figure 3-27, A turbine,
operating at 84,000 rpm is driven by a monopropellant (NZH4) gas gen-
erator. Pressurization for the N2H4 tank is provided from the main PFS
helium storage tank through a pressure regulater. This system decouples
the gas generator propellant supply from the main PFS and permits time

sequenced starts and stopa. Thus, propella. ¢s in the fuel and oxidizer
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pumps can be brought up to fuel pressure before being admitted to the
main thrust chamber injector. This flexibility in control of the start-up
and shutdown sequencing is somewhat offset by the weight penalty of a
separate N2H4 tank and the introduction of a third propellant to the PFS.

Power for the controls is in the range of 36 to 89 watts.

3.6.3 Bipropellant, Gas Generator Powered Turbopumps

This PFS system (Number 4) is shown in Figure 3-28. In this case
the turbine, also operating at 84,000 rpm, ic driven by a bipropellant gas
generator, These propellants are supplied from the main PFS pumps
through pump discharge bypass valves. This eliminates the need for a
separate gas generator propellant tank and the use of a third propellant.
Start-up and restarts are initiated by an oxidizer and fuel accumulators.
When the main propellant pumps have achieved full discharge pressure,
the inlet valves to the thrust chamber injector can be opened. Simul-
taneously, the accumulators can be recharged and in the lnckup mode can
be available for the next start cycle. While this system can reduce the
overall PFS dry weight by eliminating the N2H4 propellant tank, the start
and stop sequencing is somewhat more complex. This can impact overall
PFS reliability. In addition, turbopump speed variations may create
combustion stability problems in the gas generator or main thrust chamber.
Finally, in order to maintain the gas generator exit gas temperature at
1400°F, it must be operated at either very fuel-rich or oxidizer-rich (not
too desirable due to corrosion) mixture ratios (Figure 3-29), Close mix-
ture ratio control will be required if excessive turbine inlet temperatures

are to be avoided. Power for the controls is in the range of 36 to 125 watts.
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4, SYSTEMS EVALUATION

In evaluating the various candidate PFS's, various qualitative and
quantitative factors must be considered that are not directly related to
system performance and weight goals. These include system complexity,
start system characteristics, combustion stability, and drive system

transients. These are discussed below,
4.1 SYSTEM COMPLEXITY

4,1,1 Failure Modes and Effects Analysis

A failure modes and effects analysis (FMEA) was carried out for the
four candidate systems. For each system, various failure mode scenarios
were postulated. From these, the effect on the system operations were
identified. Finally, for each failure mode a system impact category was

designated. These were:

Category Systems Impact
MF Mission Failure
CF Catastropic Failure
DMC Degraded Mission
Capability

The results of these analyses are summarized in Table 4-1. The
potential failure modes unique to each candidate system are given in
Table 4-1. For System Number 1, the lithium-thionyl chloride batteries
were assumed to be fully qualified, so that current overpressure explosion
problems (by-product sulfur/lithium thermal excursion) have been
eliminated. Also, the energy density of 100 watt-hour/lb at high drain
rates (1 hour or less) will be achieveable, In System Number 2, it has
been assumed that hydrogen gassing problems have been eliminated.
Under this assumption, no CF categories were identified for the motor
driven pumps., System Number 3 identified two CF categories, both of
which were attributable to the monopropellant gas generator portion of
the turbine driven pumps. System Number 4 had only one CF category
which also was due to a malfunction in the gas generator portion of the

system,
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Table 4-1 indicates failure modes common to all four candidate
systems. Four CI categories w~re identiried.

In many cases the number of CF categories can be reduced or
eliminated by additional component redrndancy. This is discussed further

in Section 5.5,

4,1.2 Development Risks

There are various levels of development risks associated with each
candidate PFS. A qualitative assessment has lead to the summary indi-
cated in Table 4-2,

As can be seen from Table 4-2, the battery-powered electric motor
powered pumps constitute the lower development risk approach to pump-
feed propellant feed systems, However, for greater growth potential
to higher thrust levels and longer burning times, the higher risks associ-
ated with the gas-generator, turbine driven pumps must be assumed if

a minimum weight system is to be achieved,

Table 4-2. Relative Rating of Development Risks
for Candidate Pump-Fed Propellant
Feed Systems

Relative
System Development Major Development
No. Description Risk Rating Risk Factors
2 AgZn Battery- 1 ® 50 w-hr/lb energy
Powered Electric (Lowest) density 2¢ high current
Motor Driven drain rate must be
Pumps confirmed by test
1 LiThCl Battery- 2 ® 100 w-hr/1lb energy
Powered Electric density at high current
Motor Driven drain rate not yet
Pumps available
3 Monopropellant 3 o Gas generator/turbine
GG Turbine start/stop transient
Driven Pumps response must be
confirmed
4 Bipropellant 4 ® Same as System 3
GG Turbine (Highest) plus pump-fed gas
Driven Pumps generator inter-
actions/stability
must be demonstrated
4-4

A e i < e e ——— Y Y ———— b i s v———



4, 1,3 Critical Technologies

There are various critical technologies associated with each can-
didate PF3. These will require additional development effort in order
to arrive at a fully flight-qualified system. These are discussed below

for each candidate PFS,

The silver-zinc battery Zevelopment status is the most critical
compenent of candidate PFS Number 2. These batteries should be able
to achieve energy densitie- of 60 watt-hr/lb and volumetric energy densities
of 4,2 watt-hr/cu in, Hence, the values of 50 watt-hr/lb and 2,25 watt-hr/
cu in.used in this study are reasonably conservative. The critical tech-
nology associated w'th this component is the hydrogen outgassing that
occurs due to the reaction of the electrodes with the electrolyte. To
meet Space Shuttle safety requirements, this undesirable characteristic

must be minimized electrochemically or by 'he use of hydrogen getters.

Similarly, for PF5 Number 1, the lithium -thionyl chloride batteries
involve tt e most critical technologies. Perhaps the least complex is
that long term storage capability has not been fully der.onstrated. For
the P#'S this may be resolvable as a purely logistic problem by avoiding
long term storage in operations. The more critical technology is associated
with the exother.nic reaction of the byproduct forr...tion of sulfur/lithium
which can create potential thermal excursion haza- ds and could lead to an
explosion. Lastly, these batteries exhibi. a limited current density
capability so !iat -ate of discharge irust be slow (10-?4 hours). At
increased discharge rates (i.e., 1 hour), these batteries must be severely
downrated =0 that the achieverable energy density may be as low as
20 watt-hce/1b rather than the 100 watt-hr/lb assumed during this study.

Th~ successful operation of a monopropellant pressure-fed N2H4
gas generator ha3 become state of the art. Earlier problems with cold

catalyst beds a2d the hazards of delayed ignition have been resolved.

2
»

Hence, the only critical technology that can be associated with PFS
Number 3 is that ~ssociated with the start/~top transients of the gas
generator and lurbopumps. These can usually be resolved initially by

a very detailed tiansien. response analysis. Later this can be confirmed
by development testing. The critical factor involved in attaining the

required traniient response at start- 1p and shutdown is to avoid combustion
4-5
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instability in the rocket engine thrust chamber and the minimization

of velocity increment dispersions.

The bipropellant PFS Number 4 has the same critical technologies
as those outlined for PFS Number 3. In addition, since the gas generator
operation is directly linked to the main propellant pumps, the interactions
and stability of the system during the start-up and shutdown transient
phases, as well as steady-state operation, must be demonstrated by test,
Finally, the desired mode of operation to limit the gas generator combus-
tion gas temperature to 1400°F is to use fuel-rich or oxidizer-rich mix-
ture ratios. Because very large temperature excursions will occur with
a very small change in mixture ratio (Figure 3-29), this parameter must
be very carefully controlled. This will indirectly impose close speed con-
trol of the turbopumps in order to minimize pump discharge pressure and

flow dispersions.

4.2 FEED SYSTEM TRANSIENT ANALYSES

Each of the threc candidate propellant feed systems was analyzed
to determine its transient behavior during start-up and siiutdown. The
systems were moc. -d with differential equations solved using a iourth
order Runge-Kutta iitegration routine. The controls schematics for

each design are shown in Figures 4-1, 4-2, and 4-3,

Since some of the componeats have not been fully defined, several
assumptions were made. These involve:
¢ Mass properties — The size, veight and mass moment of
irertia were not known for each component, therefore, these

properties were estimated based on the approximate size of
the component.

® Valves — All valves were assum - to be fast-acting, with a
time constant of 12 milliseconds.

® Relief valves — To prevent overpressurization of the bipro-
pellant lines downstream of the pumps, it was assumed that
a relief valve and bypass were on each line. The cracking
pressure for the relief valve was set at 310 psia.

® Pumps — It was assumed that the mass flow from the pumps
was a linear function with respect to the pump speed.

® Each line is primed before the pressure increases, i.e., the
pipe is filled before the pressure is calculated,

Additional assumptions relating to a specific 8ystom are given below,
4-6
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Figure 4-1. Controls Schematic for Monopropellant Gas Generator
Powered Turbopump PFS
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The pumps for each system had a steady-state speed of 84,000 rpm.
The bipropellant engine design mixture ratio was 1.6 with a flame temper-
ature of 5460°R (27600C). The steady-state flow rates were 1.24 lbm/sec
for the fuel and 1.99 lbm/sec for the oxidizer. The chamber pressure

was 150 psia.

4.2.1 Monopropellant Gas Generator Powered Turbopumps

This system uses hydrazine to power the turbine., The hydrazine is
pressure fed from a constant pressure tank through a gas generator and
then into the turbine. The turbine drives the two pumps which feed the
engine. The gas generator has a chamber pressure of 200 psia and a
mass flow rate of 0.0113 lbm/sec. The steady-state temperature is
2250°R (977°C).

The major assumption for this system involves the temperature in
the gas generator. Similar hydrazine thrusters require approximately
4 seconds to get to steady-state temperature from a cold (ambient) start.
For this model, a linear temperature rise was assumed with the tempera-
ture reaching steady-state 4 seconds after the gas begins flowing into the

gas generator.

The pressure ratio across the turbine was assumed to be 20/1.
The line diameters downstream of the pumps were 0.480 inch for the fuel
and 0.430 inch for the oxidizer. The line length was 5 feet from the

pump to the engine.

The valve timing is shown in Figure 4-4. The hydrazine valve was
given the signal to open att = 0 seconds., The valves between the pumps
and the engine were opened att = 2,60 seconds, The opening was delayed
to allow the pump speed (Figure 4-5) to increase until it neared the steady-

state value. All of the valves were signaled to close att = 5 seconds.

As can be seen in Figure 4-5, the pump speed rises quickly until
the {uel and oxidizer lines are primed. The pressure in both lines (Fig-
ure 4-6) rapidly reaches the cracking pressure of the relief valves. The
pump speed decreases sharply as the line pressures increase to a minimum
value of 63,000 rpm. The pump speed gradually builds up until the fire
valves are opened, The pumps reach the steady-state speed of 84,000 rpm

4-8
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att = 4.4 seconds. Att = 5 seconds, the valves are closed and the speed

drops to zero within 2 seconds.

The fuel and oxidizer line and gas generator and engine combustor
pressures aire shown in Figures 4-6 ard 4-6a. The pressure in the gas
generator reaches its steady-stae pressure in 4 seconds as a result of
the temperature dependency. The oxidizer and fuel pressures increase
to 310 psia very quickly once the lines are primed. Att = 2.6 seconds,
when the valves are opened, the pressures drop to approximately 260 psia
on the fuel cide and 265 psia on the oxidizer side. They both reach
300 psia att = 4,4 seconds. When the valves are closed, the pressures
rise to their maximum values, 310 psia. As shown in the expanded scale
of Figure 4-6a, there is no feed system/engine coupling (chugging) caused
by the high injector pressure drop-to-combustor pressure ratio. The
engine chamber pressure reaches its steady-state value approximately
1.4 seconds after the valves are opened. This is due to the pump tran-
sient, indicating that valves should not be opened until full pump speed is
reached if there is a problem operating the engine at less than 100% thrust

levels.

Figure 4-7 shows the temperatures in the gas generator and in the
engine. The gas generator temperature function is shown as described
above. The engine temperature increases quickly when the valves are
opened. After a slight overshoot, the temperature decreases to its
steady- state value.

The mase flow rates are shown in Figure 4-8. The flows into and
out of the gas generator are shown multiplied by 100, The fuel and oxi-
dizer flows can be seen to follow the pump speed. The flows into and out
of the engine rise sharply att = 2,6 seconds, which is when the valves
open.

The amount of each propellant used is shown in Figure 4-9, The
difference between the summaticn of MF1 and MF2, and the difference
between the summation of M0l and M02 is the amount of propellant dis-

charged through the bypass,

The mixture ratio is shown in Figure 4-10. The actual value of the
spike is higher but it not shown because of the limitation . © . he plot

routine.
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Figure 4-10. Mixture Ratio (MOZ/MFZ)
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The primary disadvantage of this system is the time lag required
to get the pump to full speed before opening the fire valves. Faster starts
can be achieved, if desired, by using higher initial gas generator flows,

Once the fire valves are opened, the system reaches steady- state quickly.

4,2.2 Bipropellant Gas Generator Powered Turbopumps

For this system, the MMH and N204 are used to drive the turbine.
Initially, the fuel and oxidizer are fed from accumulators. Once the
pumps are working, the accumulators are recharged from the downstream
side of the pumps. The mixture ratio (Wo/ WF) for the gas generator used
to drive the turbine is 0.4, The steady-state temperature is 1910°R. The
mass flow is 0. 00588 lbm/sec for the oxidizer and 0. 01470 1bm/ sec for

the fuel. The pressure ratio across the turbine is again 20 to 1,

The accumulators were assumed to be 10 cubic inches in volume
and to be charged to an initial pressure of 300 psia. Again, a relief

valve and bypass were assumed for the lines.

Figure 4-11 shows the valve opening sequence. For this run, the
valves were set to open as soon as the lines were primed. As a result,
.i.. oxidizer valve feeding the turbine opens immediately. The fuel valve
opens at approximately 0,35 second. This oxidizer lead causes a large
spike in the mixture ratio which can be reduced by adjusting the valve
sequence logic. The fire valves open much sooner than in the hydrazine
system. The pump speed (figure 4-12) does not have the sudden drop that
the hydrasine system exhibited, therefore, there is no need to wait for
the speed to build back up. All of the valves are closed at t = 5.5 seconds.

Figure 4-13 shows the pressure profiles., The system responds
very quickly and reaches steady-state in 1.5 seconds. The oxidizer accu-
mulator pressure drops approximately 10 psi before it is recharged by
the pump. The pressure in the fuel accumulator decreases very slightly.
When the valves are closed, the accumulator pressures and the pressures
downstream of the pump rise to their maximum value. The full propellant
line dynamics were not included in this model but the stability results
would be the same as shown in the hydrazine case because of the injector
resistance.
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The pressure in the gas generator rises very quickly, approxi-
mately 0,80 second, to reach its maximum value. The enginc pressure

also responds very fast.

As stated above, the oxidizer mass flow into the gas generator is
almost immediate (Figure 4-14). Both the fuel and oxidizer go to this

steady- state value in approximately 1.5 seconds.

Figure 4-15 shows the flow rates coming out of the pump. Except
for a small surge at the beginning, the mass flow to the oxidizer accumu-
lator is very small, The other flow rates also reach their steady- state

values quickly. \

Figures 4-16 and 4-17 show the total fuel and oxidizer consumption
for the gas generator and engine supply systems, respectively. Fig-

ure 4-18 shows the temperature profiles for the two combustors.

The mixture ratios for the two combustors are shown in Fig-
ure 4-19. The gas generator has a large spike initially, but it quickly
drops to the steady-state value of 36. The engine also has a high mix-

ture ratio for a very short duration,

4.2.3 Battery Powered Motor Pumps

For this system, a 5 kW, 28 volt dc motor is used to drive the

pumps that feed the fuel and oxidizer to the engine.

Since the motor has not been designed, the torque speed, resis-
tance, inductance, and back emf characteristics are not known. There-
fore, an equation relating pump speed to voltage was assumed. The time
constants used were based on similar motors, however, this method will
only give an approximation to the actual system. An effective current
(that is not the actual value of the current for that motor) is used in the

formula.

The valve positions are shown in Figure 4-20. They were opened

simultaneously, and are closed at t = 4 seconds.

The pump speed (Figure 4-21) has an overshoot during the start-up
which is decreased when the pressures reach their maximum value (Fig-

ure 4-22). A mechanical time constant of 20 ms was assumed for the
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Figure 4-22. Motor System Pressures
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motor. A muchlarger value can actually be anticipated which would

reduce the magnitude of the overshoot.

The pressures rise to their maximum value very quickly and drop
to steady-state levels when the valves are opened att = 2,25 seconds.
Att = 4 seconds the valves are closed and the pressures increase to their
limiting values again,

The engine pressure has a very small overshoot before it settles
into steady-state. Again the full line dynamics were not included as they

were in the hydrazine system case,

The mass flow rates are shown 'n Figure 4-23. The flows can be
seen to follow the pump speed exactly, The summation of the flow rates

is shown in Figure 4-24,

The temperature profile is given in Figure 4-25, and the mixture

ratio is shown in Figure 4-26.

4,2,4 Combustion Stability

The results of this study, which are based on the use of a first-order
model, are valid in terms of overall system response and engine/feed sys-
tem coupling. The Marquardt engine has a problem with chugging (combus-
tion stability) if the AP/Pc becomes less than 0,45, None of the three sys-
tems analyzed showed a problem in that regard. The pressure upstream
of the injector was assumed to be 300 psia, Therefore, the AP/ Pc will
have a nominal value of 1, 0 for a Pc of 150 psia. Figures 4-27 through
4-29 show the AP/ Pc versus time for the motor driven system, the hyd-
razine system, and the bipropellant system, respectively, The lowcst
value of P/ Pc is 0,81 for the hydrazine system, which is well above the
minimum requirement. A detailed stability evaluation, however, reguires
additional modeling of the engine and the pump, including the power spec-

tral densities of both components,

From a system response standpoint, the bipropellant (« :cumulator)

gas generator system provides the best performance although better defini-

_ tion of the motor driven system is required.
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AP/Pc Versus Time

For very short periods of time, approximately 5 milliseconds. the

mixture ratio becomes very high. Although not shown in the graphs be-

cause of plot routine limitations, these mixture ratios may get as high as

40/ 1 in the engine for 0,4 millisecond. This usually occurs immediately

after the valves are opened. The system settles down quickly to the design

mixture ratio but can be further attenuated by adjusting the start sequence.
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5. SYSTEM TRADEOFFS

Four viable pump-fed propellant feed systems have been identified,
This section discusses a detailed tradeoff of these systems to select the
most desirable system with the emphasis on minimum weight, minimum

development risk, and highest reliability,
5.1 PUMP BRAKE HORSEPOWER

The total pump brake horsepowers (BHP) as a function of engine
thrust level and thrust chamber pressure were provided in Section 3.5
(Figures 3-18 and 3-19). At the 1000 1bf thrust level, these ranged from
4,65 to 11,14 HP (3.47 to 8,31 KWE)‘ High speed (i. e., 84000 rpm),
permanent magnet electric motors are available in this range. Hence,
for the 1000 1bf thrust level candidate PFS Numbers 1 and 2 are attractive
options. In the 2500 and 4000 1bf thrust levels the pump BHP's are in the
10.76 to 25.83 HP (8.03 to 19.27 KWE) and 16,7 to 40.03 HP (12, 46 to
29.86 KWE) ranges respectively. At these higher power levels the use of
battery powered electric motor drives becomes somewhat marginal. High
current drain rates require downrating of the battery specific energy
densities. Rotor lengths (for a given motor outside diameter) tend to
become excessive and have a direct effect on shaft critical speeds. Also,
increased centrifugal stresses required thicker stainless steel retaining
cylinders around the samarium cobalt permanent magnet. This results in
increased motor weight and reduced motor efficiences due to the greater
rotor-to-stator "air' gap. Because of the foregoing, at the higher thrust
levels, candidate PFS Number 3 and 4 that employ a turbine drive appear

to be the more desirable systems despite their increased complexities.
5.2 WEIGHT COMPARISONS

A detailed weight estimate was prepared for each candidate PFS, The
results are summarized in Tables 5-1, 5-2, and 5-3. For the components
common to all candidate PFS, as would be anticipated, the heaviest were
the helium tank and gas, the MMH fuel tank, and the NZO4 oxidizer tank,

In general, these components comprised 70 to 87% of the total PFS dry
weight. For the battery-powered, electric motor driven pump, the weight
of the batteries was the next most significant factor. For the monopropel-

lant, gas generator powered turbopump PFS, the weight of the hydrazine

5-1

U DR o

‘\ "

st e Y



L 2

19%21 LIF2I Z8¢21 IR IZA so¢el sLezt 9e¥2l 00921 ezt K1°ON *sAG)(qQi/44-m 0p1 %)
6£521 sLe2l oIzl Lesel 99%21 rARTA £€521 £9¥Z1 188 421 (2 "oN ‘sAg)(ql/ay-m 05 I®)
(q1} wy3ram wasig
pPaag jueqradosy (ej0y
82911 82911 82911 82911 82911 82911 82911 82911 82911 yBram Jueqradoag
ves LBL ¥SL 618 LLL Ly 808 oLL 12 ) (001) WyBram £1g S3d 10301 i
16 L¥R 062 606 8¢8 S8L 506 5€8 £8L (05) WBram £1q sqd Tesol ‘
p.,bay ”
8°L8 L 8% 9°9¢ L706 $°09 8°Lg L°Le ¥°'59 8 0¥ A4 (qU/14-m» 001) s311333eg €€ .
p.bay :
97591 FoLll 2U€L ¥ 181 0°121 976 S 661 L'0g1 9'18 sVY (A1/3Y-m 0G) satrazeg 2t
72 81 ¥l 81 ¥l 11 £°1 0°1 L0 2 sdung ¢ {
sy 0°¢ 002 0°0¢ 0°61 021 szl 5L 0°¢ t 1030 D181 og
27909 27969 2°969 27969 27969 7°969 27969 27969 2°969 Tel03qNg
20 P FE) z°0 20 20 20 P 20 1 Aeray Buryoyer 62
o¥ ot ov o¥ or ov o¥ ot ov ¥ 001 Burqny 82
2 7 Z z 2 2 z r4 r4 2 ravp JIHIY | L2-92 ~
z ¢ z z z z 2 2 z S 3ATeA 234D Aeg-2uo | sz-¥2 - m
1 1 1 1 I 1 1 I 1 1 aojeiniay sinssazg £2
€ € 3 £ € € £ £ € S | sarea Burysje ajqepuewwion | zz-g1
s ¢ s g s S s S 13 s ELSILE O VR £
1 1 1 [ 1 [ 1 1 1 £ darep utRIQ PUR (11 | 21-0I
Butiqen
2 2 Z 4 4 2 2 Z 2 € pU® §I30NpsURL] Jinssatd 6-L
8unqep pue [
I 1 1 1 1 1 1 1 1 € s43onpsueyy Iarngesadway 9-4 }
L92 L92 L92 L9z L9z L9z L92 L92 L92 1 quey xazipxo THEN 3
L92 L92 L92 L9z L92 L92 L9z 192 L92 1 jquel 1ang HNIN r4
S0l 501 <01 S01 501 sot S0l S0l sot T §®0 pue Juel wunidy 1
m:mau ﬂmmu et mmu fmmu m_mau fmn_u mﬁmao a_nau ﬁwau p,bay uoridiassaqg jusuodwon *ON
00c = d {006 = "d} 0sT="d | 00s="dA | o0cs="d | ost="a| oos="da] ooe="a] ost="qa *ON
391 000F = 1 Ja1 00s2 = g 3q1 0001 = g
(spunog ur sanjep 11v)
(2 pue | *soN wajys 4g)
Azewrwng jySrom wa3sAg paa g jue[iadoryg dwing uaatig 1030l S113091g ‘peiamodg-Aiajyeg "1-g Ilqel
{
i




() wyBrem wajess
18421 syl S1¥2I £Lv2l 6Eb21 14874 89¥21 ogvzl 20021 P33 ueqiadoad [e00]
82911 82911 82911 82971 82911 82911 82911 82911 82911 WB1a 4 Jueqradosg
L7258 8918 9°98¢L 9°¥¥s 6018 8282 ¥°0¥8 2208 s*gLL B2 q A1Q SId 11T3340
170 $°0 £°0 970 ¥°0 £°0 ¥'0 £°0 ' T 103e13uan s 2y
Lo S0 v°0 ] Vo £ 0 Y0 £°0 2°0 z (3uysnoy Burpniouy) sdwing 144
(3yeys pue ‘sBurzeag
8 Lk € 0¥ v oE 0°pt 9°z¢ Lz 112 1°61 9°s1 t ‘sBursnopy Jupnjouy) Jurqangy oy
S°L0% S'sLL 4 1sL 5608 StLLL S ¥SL S'818 S 28 S LSt feIoIgng
i ? 2 ? 2 3 T z 3 € | @areA Buryorey Jlqepurwiwo) | 6£-LE
1 i I 1 1 1 T t i 1 aang 9¢
z'0 z'0 2°0 z°0 z°0 z°0 20 270 20 1 3ATe A uyeq PUE INJ 113
Burqen
1 t T t t t 1 1 1 1 puU® I30NpEURI] FINSSIII e
I T t T 1 [ T 1 T 1 dajep JorIdY €€
1 ¢ 1 1 1 1 I I [ 1 dATEA W2YD Aepy -3uQ zt .
1 T 1 1 1 1 t t 1 1 10einday aanssaig 1€
Suviqe) pue
£°0 £°0 €0 £°0 €0 €0 €0 €0 £°0 1 iaonpsueay sangezadway o€
aurzwapAy
vo z9 8¢ 96 %9 w sol 69 144 X pue yueL suizelpiy 62
0§ 05 0% 0 0s 06 0s 0s 0s ¥ szt Suiqny, 82 «
2 2 z z z Z 4 2 z 2 aarep jInd3y | L2-92 wn
z z 2 2 2 4 4 2 2 z SATRA WD Aey -0 | 52792
[ 1 1 1 1 1 1 T 1 1 aojeniay ainssalg €2
LZaL N
€ € £ £ 3 € € £ 3 s Buyojey drqepurwiwion | 22-81
S s ] s s s S s s s a2y | Li-€t
1 1 i t T 1 1 [ t € aarep urexq pue {11y | 2I-01
Buijqen
z 2 2 2 2 4 2 2 . 1 pu® I20MpSUTIY anssIig 6-2
3urqw) pue
1 1 1 1 1 1 1 1 1 [ xaonpsuea] dxngesadwiay 9-3
L92 192 192 192 192 .92 192 192 192 ¢ quey 20zpo YolN €
192 £92 L92 L92 192 192 192 L92 192 T quel [ong HNW 2
g0t 501 so1 S0t sot sot sot $01 S0t 1 s®D pue Yue] WISy t
Emn_u ersd N_mmu nmn&u N_mn_u mmunu smnnu m_mnu ersd p,bay uonydizosag juauoduwon *oN
005= d | 00E= d | 0s1="4a | 005= d )] 00e="d | ost="d4d | oos="da | ooe="d ]| os1="4d ‘oN
Ja1 000% = I 391 0052 = 4 391 0007 = 4
(spunod ut sanjeA (1V)
(¢ "oN wols4g)
Axewiwing j3y31op wWe3sAg paa g juerradoadg dwindoqany, paiamog I0jerauan) sen jue[jodoxdouopy °z-G d[qel

I .
e e el e i

e

. i
~ :




R g P AP TN
[ (qp) wBram waedg
£6+21 (X2 %4 L1vel 88b21 Lrvet vivel s8¥zl kA2 24 o1¥zl pavg jueradosd 1oL
§2911 82911 §2911 £2911 82911 82911 82911 82911 82911 ysia m Juerfadozy
€01 89 1372 901 T 1 2% 124 9L 8% YBra g ue(radord DO f
8 19L ¥UesL 1°9%L (AR VR 6°L¥L 6°1¥L LoTvL 1217 €°pveL W31am 41q S3d 11e23a0 W
6°0 L0 3°0 8°0 9°0 ¥°0 90 vo 2°0 i03eiaudan sen 134
L0 ) 0 s'0 ¥°0 €°0 (aL] £°0 Z2°0 sdumg rd ;
LosE L1z L°02 Lz ¥ 22 191 FAF A z ¢l 6 aurqany 1§ |
S ¥TL 597L 5°PZL s rzL S'vzL S peL S 2L s peL S PL [e301qng @
2 F2 2 F 2 2 3 z Z 2z AT AOWD Lep-2uQ | OF-6€ .
v ¥ 12 t v v v ¥ ¥ 9 | aarep Furyoyer dqepuruILOo] | BE-EE :
) §°0 s°0 5°0 S°0 S0 S°0 $*0 $°0 2z aarep ureag pue 134 | Z¢-I€ ;
2z z z r4 r4 r4 z z z z 20jeInuunddyY | 0€-62
09 09 09 09 09 09 09 09 09 3 0sl Buiqny 82
4 : 4 z r4 r4 r4 2 2z z z darep JNdY | L2Z-92 <
2 Z r4 z 4 r4 z 2 2 [4 aarep dyD Aeg-3up | §2-¥2 :.J
1 [ 1 1 I 1 1 ¢ 1 1 z03e(nBay inssaig [ 14 _
3 £ 3 £ € < € € € s | @arep Supyojerq s[qepurwwion | 22-81 .
s 5 S g S S S S S [ 102ty | LI-€T
1 1 1 1 1 1 1 1 1 € 3AI®A utesq pue [ty | Z1-01
3uriqen
< 2 4 4 z z 2 4 2 [ pU® I135NPSURI] INESIXg 6-L
furqen pue
1 1 1 1 [ T [ t 1 € 1aonpsues]y sangeraduwiag 9-¥
192 L9z 192 192 L9z L9z L9z L92 L9z 1 ywey 2em1prxo YooN £
L92 L97 L92 L92 192 L92 92 292 192 1 yuel 19MI HNW Z
S0t <ol 0} 501 501 501 sol S0T sot 1 sen pue yue] Wnay 1
mmmau el wmu mmmau m_m&u nmnau a_nau m_mnu m_mnu n_n..._u p.,bay uondra>sag jusuadiuo) *oN
0065 = d 00¢ = d 0st = 4 005 = d 00¢ = d ostl = d 0os= d4§ 00e= d ost = d TON
JG1 00Ot = I Jq1 0082 = 4 jqr 000t = 3

(spunod ut saniep (1v)

(¥ "oN wa3sig)
Azewwung jydroy wayshg pasyg jueiadoig dwndoqany paiamog 10jeiauan sen juerjadoadig °g-g I[qel




tank, hydrazine fuel, and tubing became the next most important weight
contributors. Finally, for the bipropellant gas generator powered turbo-
pump PFS, the accumulators, tubing, and the exira propellants required
to supply the gas-generator are the next major weight contributors. Since
the gas generator propellant weights are significant, a comparison was
made for these weights at the 2500 1bf level. This is shown in Figure 5-1.
In all cases the NZH4 propellant weights were less than the MMH/NZO4
propellant weights, This results from the poorer thermodynamic perfor-
mance caused by having to operate the latter gas generator at very high
oxidizer-rich mixture ratios to stay within allowable turbine temperature

limits. This offsets some of the weight advantage gained by PFS Number
4 in eliminating the N2H4 storage tank.

Using the data in Tables 5-1, 5-2 and 5-3, weight comparisons were
then made for total propellant feed system dry weights (Figures 5-2 and
5-3) and total propellant feed system weights including propellants (Figures
5-4, 5-5, and 5-6). Figure 5-2 compares the dry weights of PFS Number 1
(lithium-thionyl chloride batteries) with PFS Number 3 and 4 (turbine
driven pumps). In this comparison, the bipropellant gas generator turbo-
pump system was the lightest. The motor driven pumps using 100 watt-
hr/lb batteries were the next lightest and the monopropellant as generator
turbopump system was the heaviest. A similar comparison with the 50
watt-hr/lb batteries is shown in Figure 5-3, PFS Number 4 was still
tbe lightest, but now PFS Number 3 was found to be the next lightest and
the battery powered PFS Number 2 the heaviest, Thus, from a total dry
weight standpoint Figures 5-2 and 5-3 clearly indicated the importance
of the achieveable specific energy density of the batteries.

The comparisons for the total PFS weighte are shown on Figures
5-4, 5-5, and 5-6. Figure 5-4 was prepared primarily to show the total
PFS weight differences between the two battery powered systems (i.e.,
PFS 1 and 2). The AgZn battery powered systems were approximately
50 to 100 pounds heavier than the lithium-thionyl chloride battery power

systems, depending upon thrust chamber pressure level.

A comparison of PFS Number 1 with PFS Numbers 3 and 4 is shown
in Figure 5-5, Here, on a total PFS weight basis, the LiTCl battery powered
system (PFS Number 1) is the lightest. The monopropellant, gas generator

5-5
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turbopump system was the next lightest and the bipropellant gas generator
turbopump system became the heaviest, T 1s reversal in weights between
PFS Number 3 and 4 stems from the increased gas generator propellant
weights and tubing weights associated with the latter system. A similar
ccmparison was made for the AgZn battery powered system (PFS Number
2) and is shown on Figure 5-6, Due (o the lower specific energy density
of the AgZn batteries, it now results in the heaviest total PFS system,
except at the lowest thrust chamber pressure (150 paia), where all three

systems are very nearly equal,

5.3 PROPELLANT FEED SYSTEM PRELIMINARY RELIABILITY
ANALYSIS

The Propellant Feed System (PFS) reliability analysis addresses

the four candidate configurations as follows:

System 1

Battery (lithium thionyl choride) powered
electric-motor driven turbopump propellant
feed system

System 2

Battery (silver zinc) powered electric-
motor-driven turbopump propellant feed
system

System 3 - Monopropellant gas-generator-powered

turbopump propellant feed system

System 4 - Bipropellant gas-generator-powered turbo-

pump propellant feed system,

The PFS reliability analysis was based on current design data as
described throughout this document., These data were not reproduced

liere but are referenced for convenience, Among the data utilized were:
® Schematic diagrams (Figure 3-26, 3-27, 3-28)
® System descriptions (Section 3, 6)
e Component descriptions (Sections 3.4, 3.5, 3.6)
¢ Failure mode and effects analysis (Section 4. 1. 1),

5.3.1 Mission Profile

The PFS pump feeds oxidizer (NZO4) and fuel (MMH) to a bipropel-
lant thruster. This rocket engine (PFS plus thruster) will be used as an

orbit insertion engine around another planet such as Venus or Mars.

5-9
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Based on this intended usage, the following nonactive mission phase

breakdown is assumed:

e One month prelaunch (from consumable loading to
Shuttle launch)

® Five months nonactive flight (from Shuttle launch to
unit deployment),

The active mission profile for the PFS is given as one hour of reactive

firing including up to 20 starts/stops.

The PFS component failure rates are much higher during the active
missgion phase than they are during the nonactive phases. Also, the PFS
nonactive phases are short relative to typical satellite propulsion system
mission nonactive phases which are often measured in years. Therefore,
the PSF reliability during the nonactive phaser can be expected to be much
higher relative to the active phase and can be ignored without introducing
undue error into the total mission reliability estiination. This reliability
analysis, therefore, addresses only the active PFS mission phases. It
is noted, however, that the system is designed to meet all of the Space

Shuttle safety requirements in effect during the nonactive phases,

5.3.2 System Component Lists and Failure Rate Data

Tables 5-4 and 5-5 show the components that are common and those
that are unique to each of the four systems under consideration. Compo-
nents common to all systems are shown with no lower case letter designa-
tion following their number (component number from Figures 3-26, 3-27,
and 3-28). Components (numbers) unique to system 1 are followed with
cne lower case letter (a) and components (numbers) unique to systems 2,

3 and 4 are followed with lower case letters (b), (c), and (d), respectively,

This convention is carried throughovt this analysis.

Table 5-4 is a listing of components that are inactive during the
mission and/or that are noncritical to a successful mission, Rationale
for the assignment of this status is given on the table, These components
(fill and drain valves and pressure/temperature transducers) are not con-
sidered further in this analysis in the interest of simplification.



*uoyesado WisSAs [NFESIDIONS 03 [EIIINADUON ¢ !

s1qrdndan X P2t (Tenuepg) aatep wivaq puv 114

a1qrdvday X Ple (Tenuew) aajep uteiqg puv (|14

21qrdnday X st (Tenuw)y) dajep nreaq pue 1114

aqidndayn X ETYY d3ONPpsuUvL] IINSSIIL

aiqudnday X 20¢ a3onpsuna] aneasdwiag
*wagsds ayy ojut

Pap[am 3ae s3s1PA 3asayy "den Jiay3 ut papraoad aquadnday X X x X it {I=nue ) aatep utea(] puw {114
1e3s (PITY3) JUPPUNPII JRUOTIIPPE U YITm udisap

[®3S JUBPUI DAL P 2a® SaAleA Ssayy ‘“adeyed) qraAy day X X X X (R4 (lenuey) Jatep 1evaq pue [V
[BUI2IX3 j( 331; LIPLWIL AJUO ISNLU PUP UOTSS NIl IY]

3UTINp AAIIDRUT IIP SIA[RA UIPIP PUE [{1) ISay] G Iay X X X X ot (lenue ) aate ) wwi(] pue ((14

arqranday; x X X X 6 23°NPSUTIT Iansvaid
TTAIISAS Y OUT PUPlIM J3® BX3DNP

-Sued] ASAIY] "SU0IRIIdO WIISAS [NJESIONONS O3 aqraraay b'e b's X X 8 430npsuelr] aanssaadg
[BIJUSEEA JL U ale pue meO uoneVIojuUl STIels

WI3ISAS Ip1ac, 1d TI3 NpPSURI] IINSsaId ASIYT 31qidday X X X X L 430npsura] danssaad

‘syuauodwic » Funicng 3utAzden ping; ay3 ajeds S L EIN X ® X X 9 2-.npsuTs] dangesadwsay
-auad 30U Op pue 3xempaey 2yl UG pIajunowa age

SJI3OMPS JPI] ASIY] “UOTILIICD UAISAS [NISEIHINE aqidday X X X b’ 9 1adnpsues] dirgreisadway
03 [BIJUISSI ICU IJe pue A[UC UOIIPUIIOUT SNIEIS

wazsds spracad siaonpsuess camrradwaal asayy ajqidnday X 44 X X 13 1aonpsuwal aanyesadway

syleway ‘Qirqeqolg Aanpiey ¥ [ Fd 1 isquanyy wauoduwion
\qo,c— X) Ajey aanjre g co-uNCU-uua
’ ways Ag 1uavodiuon

sjuauod WOy 4[BOIFTIOUON I0/puUe dAI3ORUL

‘v-g dlqel

‘ll!"llll"llll

et @rﬁw;;@,,,#w et

5-11

TR AR ST it 1 0 T g s

. g



A o o

-
‘V9SL-ALS-TIN

15d pasn sio3de] uonecdde AIESSS30U YIIm sycoqpuey YAVHVA Wolj pauteiqo d1am s103e1auald sed ayy 1daoxa sjuavodulod jje 10§ BI3eR o.:-ﬁun.m** -

-aanpre; otydosisezed e ur Fuignsal wodj ainjtej jusucduwod € 3pn|d3ad 03 Washs ayl ur papnidul sjuaurdwod sapnpouy

daTeA A2IYD !

5-12

1914 12ZWPIXQ o

(3ur] jueanssaid)
retl X X X X s2

(3uTT Jueanssaldg)
et X X X X ¥e JaTeA AOIYD

(eted 0G-006¢ IUeINSEIIg)
s012 ¥ X Xx | x €2 Joreinday Inssazg

(auy] IIZIPIXO)
2€9 X X X X 22 aarep Suryoje Iqepuriauion

(oury 12TYPIXQO)
2€9 X b X X 12 aATe Buwyoyey Ijqepuriiwior,

(aury 1)
2¢9 X X X X 0z aarep Suigdyer] srqepurwiwion

(aurT [909)
2€9 X X X X 61 sarep Buryde Iqepurtuwion

(aurT ueInsealJ)
2%9 X X X X 81 aajep Suryszeq JpqepuriLwio)
¢S X X X X LI 431y IIZIPIXO
9s X X X X k1 331y 1INy

9s X X X X St

95 X X X X ¥l I 19N
vl X X X X €1 231 g JueInseILd

(ersd o5 ‘*o%m)
0%2Z + 56660 X X X X £ 19683 98e1035 19ZIBIXO

“Aamiqe -1

[BIN3ONIIS I0F 66560 « M SI2DIPUI pPino. s (e1sd 05 ‘HIWNW)

(S§213STI33dRIPYD UMOUY jo [BrIale W pue surfiew obe + 6666°0 X X X X 2 9882 aFw1035 [ong
ud:gap padadov Juisn) sanbruysay YBusris/ssaays

Fu(sn UOIILLUIISD §SADONS [ISS3A danssaad Apqiqe (e1sd 00S€ ‘OH)

-T2y *23ewNIss A3TIQeqosd S$33INS IATIRAIISUOD 6666 "0 X X X X 1 19882 snsEdad
syIeway Ajriiqeqorg danyrey v € 2 1 Iaquunpg juauoduwion
J( 0l X} xx330y aanrey wonyeudisag
T wals Ag juauodwor)
maﬁ@ﬂOQ&OU x[€DI3TID UOISSIIN °¢g-G 2[qe]



"V9SL-AQLS - TIN

15d pasn s1030e) ucniesi{dde \IB55923U Y4 S400QpURY VAVYVL W0l Lauleiqo asam sl10je1auald sed ayj sdeoxa sjuauodulod [[e 10] FIJRI ouﬂ—«‘h.&
*a1njrey siydosisesen ' Ut BUINsad Woa) Janjrej Jusuodwod e pu[daid o3 WIsAs Ayl U PIPN[OUT sjuauodwes nov-—unu*

PLZt X B4 aumqangy
(aury Juejtadoly)
2¢9 X 26¢ aarep Buryd3e] AqEpUTWIIG)
(aury ueqradoad)
29 X o8¢ aates Burydiey I[qepuTIwWo)
(aury eyradold)
29 X oLe dajep Buydjer IjqepuriumO)
95 X 29¢ 1331 g yue(jadold
*2INSS3LA XO] 3B 33E{LI JRUIIIXI PN[D (Ul ueanssaid)
-21d 0] O81f 3540Q ¥ 533BI04I0DUI DAJRA JIT[AL STYT (031p 318aNq 6666 °0) LZPL w 26§ EYSL YT L |
(U] jueanseazd)
1el X 22 FATEA 234D
| (z18d 05-005¢€ UCINESI 1)
* 5012 | X Srg s03enBay danssazyg
i . -
! Co (ersd gsv “Yu‘n)
| 0¥z + 6666°0 1 rX 262 19883 5 28ea03g ueradozd
| !
| 6601 . ! X qs¢ Kianeg Lrewrig
} ' i
w 6601 , X ez¢ Aiaeg Laewrrag
. i 1
T1030W Gowlwio> Aq UAATIR DU® PeYS | ' !
uowwod ' {g painauuocd sdwnd ajesedss ale asayr ! Sre7 t X X qerg dung 13zpIxXg/i1ang
X i
675 | ! x | x q ‘=0 10300 21133913
i
| N (32210 100 A133eg)
TN y x| x q e Aepoy Burydyw
. ¢
agrdn3ay; X b'e X 82 Saury IIZIPIXQ/[3NJ/ueInssdasd
c2i7ss5add sG] P aFR2RAL 1PUIAIXA ApOy ; , {autry uﬂdhn‘.ﬂhn:
-4dC 03 3T 3~ 4NG P B L S NS TR HATTA ;1131 STYT (781D 18aNA (¢ "G) Levl ! X X Y L2 Jalep JINIY
] i
“ TH4Tia$AIG L I I” AABARI] [BUIIIXD ARN]D (sur] nﬂdk’l.ﬂh&
, -2 03 $' A LNG R §232L0dI0 UI SA[RBA [IT[AT STYTL (D8 4710 ¢E6F "0) L2 X xX X 92 JAaep 1Y
i
.- ¢
SAIV A9 g ! Ajlrigeqoag !anjre g 3 rd 1 Jquuny «ﬁﬂG&EOU
JU_ GD ») .. a3®y ddInjtey uonyeulrsag
9- wais kg juauodwon
Avmﬂﬂm.ﬂtoov muﬁQCOQEOU x]ed13TaD UOISSTIN °G-G 3[qe L

HMEE VN R S S S s s

x Rema WATETW o

A e

5-13

St by pees ey ey ey el bed ek ek Dl

e rea————




*V95L-QLS-TIN

d10d pasn s103de) uotiestidde AIBSSAIIU Yilm SRnOLpURY YIVH Y] Wol) psuleiqe 51 m 8103e1auad sed ayj 3dadsxa sjusuodwiod [[e JOj s23ed 2IN[IE ]

‘aanpre; orydod3seied e Ut Jurl[usalr wodly aznjrej jusuoduiod ® apn(d3ad 03 wasds ayy ur papndur suvodwos -U_us—u:u«

*%

(queriadosdig)

103ea3uad sed jueijadotdiq e 81 eIyy 00¢9 X PELY 103e32UIN) sSBN)
*IUIGING UCWIWIOD © AQ USATIp PUP 3JPYS UOW

-wiod e 4q painauuod sdwnd ajesedas aae asayg 13%4 X pZd dwng 13zpIXQ/iang
¥Ll21 X 1384 UIQATRL
et X PO¥Y (UL IIZIPIXQ) IATEA AOIYD
1€1 X Pé6¢ (Sury 19ng) 3a1%A A23YD
2¢9 X 413 aarep Fuiydyey qEpUTLIWICD

(dury 19nJg)
29 X pLE sarep Surydsje Irqepuewsuion

(U] 1921P1XQ)
2¢9 X P9¢ Jarep Buryoye IjqEpUTWILIOY

(3urT 19nJ3)
€9 X PSE sajep Burysjey IjqeEpURIILIOD)

(aurT 19ZIPIXQ)
2%9 X P¥E 3aTe A Sumydje] ajqepurwIo)

(dury [9ng)
289 X Pet aarep Burysje IqepuTWILIC)
OFZ + 666670 X POt (120 ) 203e[nuwmady
0?7 + 66606 °0 X P62 (19ZIPIXQ) L03E[NWNIIY

(3ueigadodouory)
*a03eqauad ged jue[(adosdouct e 81 sy 0s1e X o2% 103013Ud0) suH)

TAUIQAN] UOWIUGD B AG UBATIP pUe JjRYS uUow
~Wio" ' A0 pojrouuod sdund ajeivdas ade asayj IXa%4 X Iy dwng 12z1p1xQ/1ang
ERES MIEN] Ajtitqeqoa g aanpre g + L 2 Jaqunyg juauodwon
({01 X} . .93ey aaviey uorgeudisaqg
9 w338 4g juauodwion

(ponurjuon) sjuauodwio) %[edIJIID) UOISSTIN

‘G-g dlqel

5-14

T e

e

gy ma—

e g g




*i

\
. ; N
% ¥ A TR

UL

1548
3 :r-—‘

o
¥
T 3

.
o
2y
5

¥

Table 5-5 lists components critical to a successful mission and/or
those that have been included to preciude a component failure from prop-

agating to a catastrophic failure rather than a mission failure,

The failure rates shown represent '"best readily available data' and
are believed to be conservative (high). These data should be reviewed

for current status and applicability during a more detailed analysis.

5.3.3 Analysis Ground Rules and Assumptions

The ground rules and assumptions affecting this reliability analysis

are:

® PFS expected reliability is much higher during non-
active mission phases than active mission phases and
is therefore ignored in this preliminary reliability
analysis (reference paragraph 5, 3. 1)

e Inactive and/or ''noncritical to mission success'
components are omitted from this preliminary relia-
bility analysis in the interest of analysis simplifica-
tion (reference paragraph 5. 3. 2)

® All components are operated well within their design
margins.

5.3.4 Reliability Logic Diagrams

The reliability logic diagrams for each of the four PFS systems
are shown in Figure 5-7, 5-8, and 5-9. The logic diagrams are sho..n
in two segments — elements common to all systems and elements unique
to a given system. The logic diagrams indicate all areas of redundancy.
The logic diagrams represent elements necessary for a successful mission.
Corresponding logic diagrams addressing the avoidance of catastrophic
failures (but not necessarily a successful mission) would be somewhat
different in areas such as the pressure regulator/relief valve relation-

ship.

5.3.5 Reliability Analysis Results

Qualitative Analysis

This qualitative reliability assessment is based on component design
status and relative system complexity. All components are considered to
represent existing mature design or to be components whose desig~ >nd
manufacture would not represent state-of-the-art advancement. "h¢: is,
there are no unique, unknown, high risk, potentially high failure prvha-

bility (development) components included on any of the systems. All
5-15
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potential component failure probabilities are, therefore, expected to be

inherent and random in nature.

Given the reliability assumption that all other things are equal,
the simpler, least complex system is inherently the least likely tu fail,
an evaluation of relative system complexity has been made. Table 5-5
(Mission Critical Components) and Figures 5-7 to 5-9 (Reliability Logic
Diagrams) clearly indicate, after accounting for components common to
all, the relative complexity o~ the systems. On this basis the battery
powered systems (1 and 2) would be expected to be the most reliable
followed by the monopropellant gas-generator powered system (3) and
lastly by the relatively complex bipropellant gas-generator powered system
(4). Relative relability of the battery powered systems would be based on
the relative expected reliability of lithium thionyl chloride (system 1)
and silver zinc (system 2) batteries and the number of each necessary to
power the system, Silver zinc batteries have extensive satisfactory usage
history while lithium thionyl chloride batteries are relatively new. There-~
fore, confidence exists in the reliability level of the silver zinc batteries.
The same confidence cannot exist in the reliability level of lithium thionyl
chloride batteries, However, the lithium thionyl chloride batteries may
prove to be as reliable as the silver zinc batteries as a usage history is
generated. There is no indication that lithium thionyl chloride batteries are
inherently unreliable. Also, since battery failure usually occurs cn a
cell-by-cell basis, cell redundancy could be added to improve the overall
reliability of a given battery., Based on data available at this time, the
expected reliability of the silver zinc battery powered system (system 2)
should be greater than the expected reliability of the lithium thionyl chloride
battery powered system (system 1).

Quantitative Analysis

This preliminary quantitative reliability assessment is based on
the mission profile (Section 5.3. 1), system component lists and failure
rate data (Section 5,3, 2), analysis ground rules and assumptions (Section
5.3.3), and the reliability logic diagrams (Section 5, 3. 4) presented
previously. The failure rate source for the data shown in Table 5-5 is
almost exclusively the Converged Failure Rate Data Handbook (February 1972)
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supplied by the *FARADA Program. This source was chosen as the "'best
readily available'' data book containing information on most of the compo-
nents contained and in the systems. The FARADA data were adjusted by
the environmental factors suggested in **MIL-STD-756A in those cases
where the data given were not from the appropriate environment. The
environmental factor chosen as most appropriate was 80 (missiles/
satellite: launch and boost phasc). This is believed to make the results
conservative since the PFS firing environment generated will be less than
that generated during main booster firing at vehicle launch, The analysis

indicates the conservative expected reliability levels given in Table 5-6.

The FARADA battery data bank consists almost exclusively of nicke'

cadmium battery source inputs., These data are considered to represent

the failure rate that could be expected from a proven mature battery design.

This quantitative analysis, therefore, can show no difference between PFS
systems ] and 2, Based on the qualitative analysis which indicates a long
successful history of silver-zinc battery operation, System 2 (silver zinc
battery system) is expected to be slightly more relable than system 1
(lithium thionyl chloride battery system) given that the battery design con-
tains only enough cells to achieve the PFS mission (i.e., assumes no

cell redundancy).

Table 5-6. Reliability Estimates for Candidate Propellant Feed Systems

Common Unique Expected
System Element Element System
No. Reliability Reliability Reliability
1 0.9955 0. 9956 0.9911
2 0.9955 0.9956 0.9911
3 0.9955 G. 9903 0.9858
4 0. 9955 0.9884 0.9839
S

*Failure Rate Data (FARADA), Fleet Missile Systems Analysis and Evalua-

tion Group Annex, Naval Weapons Stations, Seal Beach, Corona, California,

**MIL-STD-756A, 5-15-63, Military Standard, Reliability Prediction.
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5.4 ADVANTAGES AND DISADVANTAGES

A comparison was made of the advantages and disadvantages between
the various candidate PFS. The results are summarized in Table 5-7.
In peneral, the LiTCl battery powered electric motor driven pumps
(System Number 1) is the lightest total weight system at all engine thrust
levels and chamber pressures. However, several critical technology
issues (listed under disadvantages) must be resolved in order to achieve
the necessary performance and reliability goals. The silver-zinc battery
powered pumps (System Number 2) have the potential for the highest reli-
ability. However, except at the low thrust chamber pressure of 150 psia,
they become the heaviest of the four candidate PFS. The monopropellant,
gas generator powered turbopumps (System Number 3) are the next light-
est system but rate third in reliability. However, if total propellant sys-
tem dry weight is considered, the bipropellant, gas generator powered
turbopumps (System Number 4) are the lightest system. However, this
system rates lowest in reliability due to the increased complexity of its

controls and potential pump/gas generator interactions.
5.5 FAILURE MODES AND EFFECTS ANALYSIS IMPACT

All four candidate PFS have at least one or more modes which
could result in a catastrophic failure., However, all these modes can be
minimized or eliminated with additional development effort to resolve
the outstanding critical technologies. In addition, increased redundancy
of the system controls can also aid in « minating catastrophic failure
modes and increase system reliability with only a comparatively small

total system dry weight penalty.
5.6 DEVELOPMENT RISK ASSESSMENT

Based upon the system tradeoffs conducted during the study, the
candidate PFS that appears to have the least development risk is the AgZn
battery powered motor pumps (System Number 2). These batterims are
fairly well-developed and the high-speed drive motor is based on state-of-
the-art technology. The electrical controls are also fully developed so
that start/stop sequences and motor speed control can be made very
reliable. In addition, if the low thrust chamber regime is utilized for the
rocket engine, the total weight of this system is very competitive with
either of the gas generator powered turbopump systems,
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The minimum total weight LiTCl battery powered motor pumps
(System Number 1) is attractive, but these batteries have not yet achieved
the high current drain rates associated with orbit injection rocket engine
mission profiles and duty cycles, In addition, thermal excursions still

remain as a critical technology issue still to be resolved,

The bipropellant gas generator powered turbopumps (System
Number 4) have the desirable feature of offering the lowest total dry weight
system, For missions where minimum burnout weight is critical, this
is nbviously an attractive feature, However, the complexity of component
interaction and controls must relegate this to the highest development

rigsk system,

The monopropellant gas generator powered turbopumps (System
Number 3) would result in the lightest total weight system if the LiTCl
battery system is omitted. In addition, the use of a separate, pressure-fed
gas generator considerably simplifies component interactions and control
complexity., The introduction of a third propellant (N2H4) is the only
negative aspect of this system since this complicates the oper "-onal
logistics, checkout, and handling of this system., It also makes this the
heaviest total dry weight system since the separate N2H4 tank is a major

weight element.
5.7 FIGURES OF MERIT

In a study of this type, arriving at a definitive, quantitative,
figure-of-merit is always a difficult objective., However, it is possible
to evaluate the candidate PFS on a qualitative basis using the data created

in the study combined with good engineering judgment.

The various parameters that are important at arriving at a
figure-of-merit are given in Table 5-8 together with judgmental weighting

factors,

Using these weighting factors and the ranking of the four candidate
PFS on a basis of 1 to 4, a relative figure-of-merit was determined for

each system. The results are summarized in Table 5-9,
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Table 5-8. Figure-of-Merit Parameters and Weighting Factors

Parameter Weighting Factor
Weight (Total System) 0.40
Reliability 0. 15
Development Risk 0.15
Weight (Total Dry) 0.1¢
Complexity 0.10
Growth Potential 0. 10

1.00

The results of Table 5-9 indicate that, based upon a qualitative,

relative figure-of-merit, the candidate PFS would be rated:

Rating System [No. System Description
1 1 Li-Th-Cl Battery Powered Motor Pumps
2 3 Monopropellant, Gas Generator Powered
Turbopumps
AgZn Battery Powered Motor Pumps
4 4 Bipropellant, Gas Generator Powered
Turbopumps

liowever, from an cngineering judgement point of view, if only the low
thrust chamber (150 psi), 1000 Ibf thrust level rocket engire is considered,
System Number 2 would have to be selected as the candidate PFS. This

is because it constitutes the lowest developmant risk and hence, indirectly
implies the lowest development cost. In addition, for small rocket engines
(i.e., 1000 1bf) and short total burn times of 1 hour (i, e., low total
impulse), the weight penalties (both total system and total dry weigit)

are minimal,
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6, CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

This study has identified three candidate pump feed systems for
supplying propellants to an "orbit insertion' rocket ¢npine, These were:

® Battery-powered, motor driven pumps (system Nos. 1
and 2)

® Monopropellant, gas generator powered turbopumps
(system No. 3)

® Bipropellant, gas generator powered turbopumps (sys-
tem No. 4)

The main objective of this study was to determine the lightest weight sys-
tem capable of supplying propellants for a total impulse of 3.6 x 10 1bf-
sec at an cngine specific impulse of 310 seconds. Under these conditions,
the total propulsive propellant weight is 11613 pounds (5279 kg). Hence,
t'e total dry weight of each prepellant feed system becomes a small frac-
tion (less than 10%) of the total weight of the system. However, since for
a desired propulsive velocity increment, the smaller the burnout weight,
the greater the achievable payload weight, the dry weight becomes an

important parameter for maximizing payloads.

During this study, it was established that the heaviest PFS compo-
nents were the propellant tanks together with the helium tank and gas.
Their total weight was 639 pounds (290.5 kg). Since these components
comprise approximately 80% of the total PFS dry weight and are common
to all three candidate systems, they represent the most significant factor
in minimizing PFS dry weight, Minimum propellant tank wall thicknesses
are dictated by manufacturing considerations rather than stresses. How-
ever, the tank wall thicknesses in this study were based upon state-of-the-
art manufacturing techniques. Hence, any significant weight savings for
these components can only be accomplished if new manufacturing methods
can be developed. If low NPSH, tank-mounted boost pumps can be uti-
lized, -he need for the helium pressurization system could be eliminated.
This would save 105 pounds (47.7 kg). However, the boost pump weights

would have to be added and this would also tend to increase the complexity
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of the PFS. An alternate approach would be to tank mount the main pro-
pellant pumps to the tanks using a separate motor or turbine drive for
each. The MMH propellant has a vapor pressure of 3.5 psia at a tem-
perature of 110°F. At an achievable suction specific speed of 30, 000,
the required net positive suction head is 19 feet or 7.2 psi. Hence, a
residual blowdown pressure of only 10.7 psia would be required 11 the
fuel tank. The vapor pressure of N,O, at 110°F is 38.6 psia. This
would require a residual blowdown pressure in the oxidizer tank of

50 psia. Because of this, a very high initial mai1 oxidizer tank pres-
sure would be needed, resulting in high stresses, and offsetting weight
penalties. If the oxidizer temperature could be maintained at 70°F

(vp = 14.0 psia), the residual tank pressure could be reduced to

25.4 psia. Here again, the propellant temperature conditioning system

would add to both the weight and complexity of the PFS,

From the foregoing it was concluded that the optimum PFS should
be selected based on an overall figure-of-merit rather than on a minimum
weight basis alone. The results of this assessment are given in
Table 5-9 which indicates that the LiTCl battery-powered motor-pump
system is the most attractive PFS. This is particularly true for the iow
thrust (1000 1bf), low chamber pressure (150 psia) application where the
pump brake horsepower requirements are the lowest. The monopropel-
lant, gas generator powered turbopump system was the next m- st attrac-
tive PFS. lL.ow development risk and high growth potential were two
parameters which contributed significantly to this ranking. The AgZn

battery-powered motor-pump system ranked third primarily because of
its higher weights and lower growth potential. Also, the bipropellant,

gas-generator powered turbopump ranked last because of its increased

complexity and resulting lowest reliability.

In addition, since ultimate convcrsion to LleNzH4 propellants will
lead to the most significant reduction in total PFS weight (because of the
higher achievable specific impulse of 385 seconds), the motor-driven
pumps are more easily adaptable to this change. This is primarily due
to the avoidance of the use of a high temperature (1400°F) turbine since

close proximity to the extremely low temperature (-306°F) LF2 pump
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could produce complex insulation, thermal differential expansion/

contraction,

and thermal soakback problems.

6.2 RECOMMENDATIONS

Based upon the results of this study, the following recommendations

are offered:

The battery-powered, electric motor driven pump propellant
feed sysiem (Nos. 1 and 2) should be developed for use with
an '"orbit insertion' rocket engine,

The decision, whether lithium-thionyl-chloride batteries or
silver-zinc batteries should be used to power the motor-
driven pumps, should depend upon the development status
and reliability levels demonstrated by each type at the time
of implementation.

Because of the considerable propellant weight savings
(approximately 20%) achievable with LF>/NyHy, early
conver sion to these propellants should be considered.

For larger total impulse rocket engine requirements the
monopropellant gas-generator powered turbopump system
(No. 3), using the LF2/N2Hg4 propellants, would be the
lightest weight candidate. Propellant for the gas generator
would be stored in the main N2H4 tank and pressure fed to
the gas generator from the main engine fuel pump. This
eliminates the need for a separate N2H4 tank and pressure
regulator but docs require the use of an accumulator
(similar to system No. 4) for multiple starts,



